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PREFACE 

In this book an endeavour has been made to cover the syllabuses 
required in Physics for the Intermediate, the Higher School Gertifi- 
cate, and Scholarship Examinations of the various Universities. 
Although the selection of the material which is to appear is in 
some measure a matter of personal taste, and other teachers may 
assess the various parts of the subject differently, it is hoped that 
* a study of the following pages will furnish the student with a 
comprehensive knowledge of the essential principles of Elementary 
Physics, and provide him with a useful tool for further work in 
this and other subjects. It is this latter aspect which accounts 
for the somewhat numerous references to the Applied Sciences. 
In order thus to equip the student and complete the argument as 
far as space and the mathematical attainments of the student 
would permit, the author has not hesitated to use the Calculus 
notation and, in one or two instances, the powerful and beautiful 
methods of the Calculus itself. In thfe way it is hoped that 
students will acquire, iu the earlier stages of their careers, know- 
ledge which is essential if they are properly to appreciate the aims 
of Physics, and moreover, knowledge which must be possessed 
before work for a degree in Physics is attempted. The author 
firmly believes that such knowledge must be attained at an early 
stage if the task of the student in mastering the more advanced 
parts of his subject is not to be too arduous. 

In presenting this second edition to Ms readers, the author has 
had in view three chief aims, via:, (i) to explain in greater detail 
the more elementary parts of the subject, as well as those parts 
which usually appear difficult on a first acquaintance with them ; 
(ii) to add an account of that portion of physics essential to scholar- 
ship candidates and to those who desire to obtain more than a 
superficial knowledge of the subject ; (iii) to endeavour to give 
definitions and to* use equations which are correct dimensional^. 
Usually, in an elementary exposition of physics, the dimemions 
of a physical quantity are not considered — a, course leading 
to much trouble in later years. In order to indicate them 
parts of the book which are generally considered to be rather 
above Intermediate standard, they have been printed in smaller 
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type: such portions should certaixdy be omitted on a first 
reading. 

In Part I there is a general account of the properties of matter 
where the subject of surface tension has been treated on the basis 
of the idea of surface energy, i.e. molecular happenings in the 
liquid itself. The subjects of diffusion, osmosis, and elasticity, 
have been treated in a somewhat detailed manner. A brief accm|at 
of the theory of dimensions and examples of its use have been added. 

In Part IE an elementary exposition of the subject of heat is 
presented. Here the author has endeavoured to give brief accounts 
of some of the more modern and accurate methods of obtaining 
data in this subject. In particular, the fundamental principles of 
continuous-flow calorimetry have been developed, and the method 
then applied to the determination of latent heats of vaporization 
and thermal conductivities. In order to maintain uniformity 
with the rest of the book, the specific heat of a substance has been 
defined in such a way that its dimensions are, in one system of 
units, cal. gm.-^ deg.”^ C. This seems desirable, since the dimen- 
sions of all equations appearing in the subject of heat are then 
correct. The chapter on thermal conductivity has been greatly 
extended ; attention has been directed to the distribution of 
in bars along which heat flows under different con- 
ditions ; a brief account of modern guard-ring methods has been 
given as well as an application of this method to liquids. That 
of the chapter on the^ first law of thermodynamics which deals 
with gases and vapours has been rewritten, the historical develop- 
ment being emphasized. The chapter on radiation has been 
entirely rewritten, the development now being logical : an effort 
has also been made to draw a clear distinction between processes 
depending only on the emission or absorption of radiant energy, 
and those in which the processes of radiation, conduction and con- 
vection are simultaneously involved. Moreover, the determina- 
of specific heats by the method of cooling has been described 
in the chapter on calorimetry — ^not as usual, following an account 
of Newton’s law of cooling, for the method is independent of the 
validity of this law. 

Optics forms the subject of Part III, and here an effort has been 
made to expound the principles of tracing rays through an optical 
; it is only by the actual carrying out of such tracings 
that a thorough acquaintance with the elementary principles of 
optical instruments, may be obtained. In dealing with the subject 
of magnification, this has been regarded as a numerical quantity 
(in fact what is meant physically by a negative magnification?) 

ae for magnification only contain positive entities, 
in the usual manner by la;|,eto. Students seem 
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to find this method the least difficult of all. The subjects of inter- 
ferenoe, difiraotion, and polarization, have been treated more fully ; 
a more detailed account of the formation of colours due to inter- 
ference in thin films now appears. The theoretical part has been 
made to depend on ideas involving the time of transit between 
two points rather than on the number of waves. 

In Part IV there follows a brief survey of acoustics, where a short 
account of the modem methods of sound-ranging on land and 
sea has been given. Here there appears a comprehensive account 
of methods for determining the velocity of sound in air : a short 
section on supersonics has been added. 

Part V, that section of the book dealing with electricity and 
magnetism, has been practically rewritten. This section now 
begins with an account of electrostatics, and a chapter on the 
theory of isotropic dielectrics has been inserted. Here the idea of 
“ electric displacement has been developed and a brief account 
of Debye’s work on the dielectric constants of gases follows. Gauss’s 
theorem and its applications are then discussed- Electrostatic 
instruments have been treated more fully and, it is hoped, in a 
more up-to-date manner. A section on magnetism follows : here 
there appears a short account of an elementary form of the Schuster 
magnetometer and of instruments used for recording continuously 
variations in the magnetic elements. In the opening remarks of 
the first chapter on current electricity, the connexion between 
electricity produced by Motion and voltaic electricity has been 
discussed. Minor changes appear in the succeeding chapters where 
a fairly full account of accurate methods of measuring a current 
and a resistance has been given. The underlying ideas have then 
been applied to the determination of small resistances and of small 
potential differences. The chapter on the magnetic properties of 
iron and steel has been enlarged and a brief discussion of para- 
magnetic and diamagnetic substances added. The chapter on 
electromagnetic induction has been thoroughly revised. Here, 
as in other parts of the book, greater stress has been laid on his- 
torical facts, the pioneer work of Faraday being followed step by 
step. Many new diagrams showing the lines of magnetic induction 
(i) due to the original field, (ii) due to the induced current, are shown. 
The discussion on dynamos has been made more comprehensive. 
The last chapter gives an account of modem work concerning the 
fascinating story of the atom ; it has only been touched upon briefly 
— ^just sufficient perhaps to whet a student’s appetite for more, 
but not sufficient to distract him from the more fundamental 
parts of the subject. ' 

As in the first edition, the treatment is maialy experimental and 
most of the graphs and numerical examples m the text are taken 
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from actual observation. No attempt has been made, however, 
to give all the practical details of the experiments wMcb students 
are expected to try for themselves, except in some of the more 
difficult exercises. In many instances graphical methods of deal- 
ing with experimental observations have been suggested. 

In all parts numerous diagrams will be found. These generally 
are in the form of a “ section,” and it is hoped that these will 
help in an understanding of the text and be found suitable for 
reproduction when occasion arises. Most of the original drawings 
have been executed from very sketchy material by my brother, 
Captain L. G. Smith, A.M.I.Mech,E., R.A.O,C., and to him I wish 
to express my very best thanks. The author also wishes to thank 
D, Orson Wood, Esq., M.Sc., for reading most of the manuscript 
for this edition and for the valuable suggestions which he made. 
Thanks are also due to numerous correspondents who have pointed 
out errors of omission as well as of commission ; also to Professor 
Sir Charles V. Boys, E.B.S., Professor A. Ferguson, D.So., Dr. L. F. 
Bates, Dr. J. H. Brinkworth, and Dr. H. J. T. Ellingham, who 
have made suggestions with regard to the MS. or who have gladly 
given advice when consulted. Lastly, the author would like to 
express his appreciation of the help given by Miss E. D. Huggett, 
M.A., and Miss H. F. Taylor, B.Sc., who have read the proofs. 

Boyai. HomowAV Colleob, 

EnGLEMBLD GEBEIjr, 

SxJBEEY. 

Apnlj 1935 . 
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INTERMEDIATE PHYSIOS 

PART I 

FUNDAMENTAL MEASUBEMENTS AND THE 
GENEBAL PBOPEBTIES OF MATTES 

CHAPTER I 

las MEASUREMENT OE LENGTH, ANGLE, TIME 
AND MASS 

Na:iiral Sctence. — ^That branch of human knowledge in which 
the poperties^f the material world are examined and then dis- 
cussec is called natural science. Thiroughont the ages there 
have Sways been those who have endeavoured to become better 
acquaited with the events around them, whilst, until recently, 
there hg always been a majority who have been content to live 
in the lidst of phenomena about which they knew little ; to them 
science \ade little or no appeal. They were disposed rather to 
regard 4 phenomena as simple and self-explanatory. At the 
present tne, however, such a state of afiairs can hardly be con- 
ceived, sisje the advent of wireless and the extensive use of elec- 
tricity in aily life have made it almost essential for everyone to 
become actiainted with the elements of science. But even in the 
centuries wjoh have gone there have always been those who were 
not satisfiet-with a ciursory view of Nature, so that they sought 
to discern te nature of things by careful experimental study. 
The experimitaMst is for ever probing the inner secrets of Nature 
and, in so dqg, he becomes more cogniziant of the majesty and 
mystery of tl universe around him. It is very probable that a 
study of Natu ipyas begun soon after the appearance of Man upon 
this planet, foit is very difficult *to imagine even amongst a tribe 
of uncouth sav^es an entire lack of interest in the wonders con- 
fronting it. T these people, however, every manifestation of 
Nature’s power %s a thing of awe and fear, capable only of being 
changed by pray and intercession to the gods and demons which 
were believed toave their habitations in the material things of 
this world. GracaHy, however, succeeding generations, profiting 
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by tbe knowledge banded down to them from their ancestors, began 
to refer various effects to certain fixed causes. They learned to 
interpret the signs of the heavens, and put their frail barks to sea 
when they thought that a period of calm was likely to persist. 
Theg became acquainted with the footprints of various animals 
and knew the times when these animals would come for water. 
Traps were set, and with the flesh of the animals so caught these 
people were able to provide for the sustenance of their families ; 
the skins of the animals provided them with raiment for theij 
bodies and also enabled them to erect a cover to protect thein 
selves from the fury of the storm. These ancient inhabitants •f 
the earth were really becoming familiar with laws, for they wct^e 
realizing that certain causes would inevitably be followed by certdn 
effects. ;■ 

In every generation a few people were able to add a little to 
the sum of human knowledge, and each new discovery made furker 
progress more rapid, until, during the last few decades, the advance- 
ment of scientific knowledge has been as remarkable as if has 
been beneficial fp mankind. No man is able to cl^im a tho/bugh 
acquaintance with all the laws and theories of mcMern science, so 
that it has been necessary to divide natural science into ^veral 
branches, physics, chemistry, biology, etc., and the great strides 
which have been made in ah these branches during the last century 
and this, have made further subdivision imperative in dl these 
sections of natural science. In biology the properties if living 
matter are investigated. Here, much of the work is af present 
only of a qualitative nature, for the processes which are at work 
are very complicated and intricate, necessitating a vasii amount 
of research before the laws governing them can all becoixe known ; 
recent developments in this field have made it very apprent that 
there are definite laws and that these laws must be obeyed or the 
penalty paid. In physics and chemistry the properties of inert 
matter are examined and the investigations now com]?leted are so 
extensive that many quantitative laws are known, the (iscoveryand 
formulation of which have been made possible by the a-vailability of 
exact standards of measurement. These have arisenfrom the fact 
that, if real progress is to be made, exact compar^ons must be 
possible. Amongst the instruments of greatest service in the 
development of modern science are the balance; thermometer, 
spectroscope, microscope, and that new and powerful tool the 
X-ray spectrometer — ^which has extended our knowledge of the 
structure of atoms in a manner which would otherwise have been 
almost impossible. Another reason why exact standards of refer- 
ence have become so necessary at the present time is that industry 
is always making demands upon the scientist to supply it with 


3 


LENGTH, ANGLE, TIME AND MASS 

more accurate tools, or standards for checking the articles it manu- 
factures. A mere mention of the aeroplane, or of the thermionic 
valve, brings home to us at once the truth of the above statements. 
We shall therefore begin our study of physics with a short discpLS- 
sion of the fxindamentai units wMch form the basis upon which 
modern science has been built. In passing, a brief reference to the 
difference between the science of to-day and that which flourished 
at the time of the ancient Greeks may not be inappropriate. Those 
early philosophers were content to make observations on a few 
things and proceed at once to develop a theory, and once having 
framed it they adhered to it most tenaciously. The procedure 
during the last few centuries has been very different. Scientists 
I had realized that theories were utterly useless unless they could 
be substantiated by numerous facts, and they therefore set aside 
the art of making theories and directed all their attention to estab- 
lishing facts. When these facts had been correlated, theories 
became possible, although modern scientists have always recognized 
that it is the facts which are true and that the theories are merely 
the product of man ; hence, like man, they may be here to-day 
and gone to-morrow. 

The Three Fundamental Units. — ^The statement that the 
height of St. Paulas Cathedral is 365 ft. conveys two ideas— one 
is the unit [the foot], while the other states how many times this 
unit is contained in the height of the object measured. Later on 
we shall find that all units, e.g. those of speed, force, electric cur- 
rent, pole strength, etc., may each be expressed in terms of three 
others, viz. length, mass, and time. These are the three funda- 
mental units, while all others are called derived units. The 
fundamental units in scientific work are the 'Centimetre, gram, and 
second, so that the system of units based on these particular units 
of length, mass, and time is referred to as the cm.-gm.-sec. [C.G.S.] 
system. In England and English-speaking countries, another 
^ system is nearly always used for domestic and commercial pur- 
H poses: it is known as the foot-pound-second [F.P.S.] system 
I because its fundamental units are the foot, pound, and second. 

The Measure of Length. — ^In England the unit of length is 
^ the foot, which is defined as one-third the distance between the 
central traverse lines on two gold plugs in a bronze bar called the 
Imperial standard yard when this bar is at 62° F. and supported 

i so that it is not bent when comparisons with it are being made. 
[Weights and Measures Act, 1878.] A longitudinal section of this 
bar is shown in Fig. !•! (a), the two gold plugs being shown in black. 
It will be observed that the upper surfaces of these plugs on which 
the fiducial lines axe engraved are in the median plane of the bar 
where the errors due to any possible bending are a minimum. 





4 FUl^AMENTAL MEASTmEMENTS : 

Tlie unit of length in the C.G.S. system is the centimetre 'which 
is defined as the one-himdredth part of the metre. This latter 
was intended to be one-ten-millionth part of the line of longitude 
passing through Paris and extending from the North Pole to the 
Equator. Actually this desire was not quite* fulfilled, and so, for 
legal and scientific purposes, the metre is defined as the length at 
0® C. between two fixed lines engraved upon the central flat portion 
of a platinum-iridium bar, a cross-section of which is indicated in 



Fig. 1*1 (6). This bar is termed the International prototype 
metre* Its length in metres at any other temperature is given by 
== 1 + [(8-651^+ 0*00100f2) X 
where It is the length at 0. 

The Measure of Mass.— In the British system the pound is 
the unit of mass ; it is defined as the mass of a certain platinum 
cylinder marked “ P.S. 1844, 1 lb.”, and deposited with the Warden 
of Standards in London. When a copy of this platinum standard 
is to be made in some other metal it is necessary to allow for the 
buoyancy of the air so that in recent acts the words ^^in vacuo ” 
have been added to define the standard condition of the platinum 
cylinder. 

The metric systerh -adopts as its standard of mass the gram, 
which is the thousandth part of a mass of platinum-iri(lium, called 
the International prototype kilogram* This latter is very 
nearly the mass of a cubic decimetre of distilled water at such a 
temperature that its density is a maximum, viz. 3*98° C. when 
the pressure on the water is one atmosphere. It is just as neces- 
sary to specify the pressure as it is the temperature in the above 
statement, since the volume of a given mass of water depends 
upon the external pressure to which it is subjected. 

Time. — ^The choice of a standard of time is more difficult than 
for the other fundamental units, since, whereas different lengths or 
masses may be compared with the same respective standard, no 
standard unit of time is available — time can only be measured by 
the repetition of a process. The rotation of the earth about its 
axis is an excellent standard of uniform motion, but it is not quite 
perfect. Tidal friction increases its period ofi revolution, while 
any contraction in its size tends to accelerate its motion. The 



other natiiral clocks which astronomy offers to us are the revolu- 
tions of the planets or of the satellites of Jupiter. These are not 
convenient standards, however, so that they are only used as a 
last resort to confirm or disprove any variation which may have 
been suspected in some other standard clock. 

The unit of time is the mean solar second which is the •r^ r o’^h 
part of a mean solar day. The solar day is the period which elapses 


between successive transits of the sun across the meridian at any 
point on the earth^s surface. The dmation of a solar day is not 
a constant magnitude but varies according' to the time of the year 
when it is measured. It is for this reason that the average value 
of the solar day taken over a twelvemonth is used in defining our 
unit of time, and this mean value is called the mean solar day. 
Astronomers, however, use a different unit of time known as the 
mean sidereal second. This is derived from the mean sidereal 
day which is the average value of the period which elapses between 
successive transits of one of the fixed stars across a meridian, the 
average being taken over a period of one year. 

In consequence of the earth’s orbital motion round the sun, the 
time interval between two successive transits of the sun across the 
meridian at any place on the earth is different from that between 
two successive transits across that meridian of a fixed star. For 
simplicity, let us assume that the earth’s orbit is a circle with the 
sun, S, Fig. 1*2, at its centre. This circle has a radius 9*3 X 10® 
miles, and is de- 
scribed in 3 65 
days, 6 hours, 9 
min., 9 sec. (solar 
time)— the length 
of a so-called 
sidereal year, or 
the time interval 
between two suc- 



cessive appear- 
ances of the snn 



Fig. 1*2. — The Sidereal and Solar Bays. 


in the same position relative to the fixed stars. Let Ei bethe 
position of the earth when a transit of the sun and of a star occur 
simultaneously. When the earth has made one complete revolution 
about its axis, i.e. the n^xt transit of the star takes place, it will be 

■ ■ /N... 

at Ea but, as the diagram shows, a further rotation through AgE^S 
must occur before the sun crosses the meridian. Hence the solar 
day is longer than the sidereal day. Actually the mean sidereal day 
is equal to 23 hours, 56 minutes, 4*09 seconds of mean solar time. 
[N.B. — ^If the earth rotated about its axis in the opposite direc- 
tion, the solar day would be shorter than the sidereal day.] 




6 Fmn)AMENTAL MEASUBH 

The Vernier,— When it is desked to deterinine the distance 
between two given points it is quite fortnitous if that distance 
happens to be an exact* multiple of the unit of length used ; in 
general there will remain a fraction of a unit for which the rela- 
tively coarse divisions on the scale cannot account. This small 
fraction is determined with the aid of a vernier, the principle 
of which may be learned from the following : Let AB/Mg..l;3 (a), 
be a line 9 cm. in length, and let AG and BD be two parallel lines 
each 10 cm. long. By dividing these two parallel lines into ten 
equal parts and joining corresponding points by straight lines the 
line AB is divided into ten equal divisions. This constitutes the 
vernier scale. Suppose now that the one extremity of a body 
being measured lies somewhere between the divisions marked 41 
and 42 on the main scale. To locate the position of the end of 
the body more exactly the vernier scale is placed with its zero 
end in contact with the extremity of the object, when it is observed 
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Fig. 1*3. — Principle of a Vernier. 

that the sixth division on the vernier scale coincides with a 
division on the principal scale^ — ^cf. Fig. 1-3 (6). Since each division 
on the vernier is one-tenth of nine divisions on the main scale, 
i.e. in this particular instance one-tenth of 9 cm., and therefore 
0*9 cm., it follows that the difference between one division on the 
main scale and one on the vernier is one-tenth of one division on the 
main scale, i.e,, 0-1 cm. on the vernier constructed above. Hence 
the difference between six scale divisions and six vernier divisions is 
6 X 0*1 cm., so that the required reading is 41*6 cm. 

In actual practice this method of constructing a vernier is always 
applied to the smallest divisions on the main scale, i.e. one finds 
that the vernier is generally 9 mm. long, so that each division on 
it, if it is divided into tenths, is 0*9 mm. = 0*09 cm. The difference 
between one division on each of the two scales is then 0*01 cm. 
When greater accuracy is required, nineteen small divisions on the 
principal scale are divided into twenty parts so that the difference 
between one small division on the main scale and one on the vernier 
is one-twentieth of a small division on the principal scale. 
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The Slide Callipers . — As an actual example of the use of a 
vernier to determine tenths of a millimetre reference may he made 
to a pair of slide callipers, Fig. 14. Q is the main scale, graduated 
in cm. and mm., while the vernier Y is attached to a movable jaw 
B. The jaws A and B are perpendicular to the scale Q ; the body 
P whose length is required is inserted between these jaws. When 
the jaws are closed the zeros of the scale on Q and the vernier V 
should coincide, whilst when 
the jaws are open the posi- 
tion of the vernier zero 
gives, on Q, the perpendic- 
ular distance between the 
jaws. In this particular 
instance, 10 vernier divisions 
are equivalent to nine small 
scale divisions, i.e. to 9 mm., 
so that each vernier division 
is equal to 0*9 mm. Now 
the difference between one small division on the main scale and one 
division on the vernier is [0*1 — 0*9 (0*1)] cm. = (0*1 — 0*09) cm. 
= 0*01 cm. From the figure it is seen that the diameter of the 
object P is between 7 mm. and 8 mm., and that the seventh 
division on the vernier coincided with a division on Q ; hence the 
small fractional part which is required is the difference between 7 
small scale divisions and 7 vernier divisions. This difference is 
seven times the difference between 1 scale division and 1 vernier 
division, viz. 7 x 0*01 cm. = 0*07 cm. The length of the object 
is, therefore, 0*7 + 0*07 == 0*77 cm. 

The Micrometer Screw. — ^The micrometer screw gauge is 
another device for measuring small distances accurately. A linear 
scale in millimetres is engraved parallel to the axis of a cyhndrieal 



Fio. 1*5. — ^Micrometer Screw Gauge. 


tube A, Fig. 1*5, tbis latter carrying a curved arm BC. Inside the 
tube A moves an accurate screw S, the pitch of which is 0*5 mm. 
— the pitch of a screw is equal to the length through which 
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tli6 scrow inoves whorl it is rotated, one© about its axis. This 
niovemexit is obtained by rotating th© head H. This rotation 
^Iso causes the collar it to turn around its own axis. The 
bevelled end of K is divided into 50 equal divisions, so that a 
rotation of K through one division corresponds to a movement of 

/ — 0-01 mm., these divisions being used for inter- 

) 

polating the distance between the mm. divisions on A. The ex- 
tremity of S and the face of C are perpendicular to the axis of 
the screw ; between these two jaws the object to be measured is 
placed. When these ja%vs are in contact the zero on the bevelled 
edge should coincide with the zero on the mm. scale ; before 
using the instrument this point should always be tested, and if 
the instrument has a zero error the corresponding correction ^ 
must be applied. The head H is arranged so that when the jaws 
of C and S are in contact, either with each other or some object, 
a further rotation of H fails to impart any movement to K. 

Screws.-— The micrometer screw gauge just described is an 
example of the use which is often made of an accurately cut screw. 
The threads of screws are generally triangular or square in section 
as in Fig. 1*6 (a) and (c). Perhaps the most important thread used 
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Fio. 1*6. — Screws. 

by engineers is the Whitworth V thread in which the angle of 
the thread is 55 degrees — see Fig. 1-6 (e). In all screws the distance 
through which the screw advances when it makes one complete 
revolution is called the pitch oi the sorew. In diagrams screws 
are conventionally represented as in Fig. 1-6 (5). 

Back-lash. — Screws may be used to impart a translatory motion 

^ The words correction and error b,tq sometimes used as if they were 
synonymous. This is not so, it being preferable to define the correction 
as the quantity which must be added algebraically to the observed reading 
in order to obtain the true reading. The error is then equal to the negative 
value of the correction. ‘ Thus if a thermometer reads •— 0*6"^ C. when in 
melting ice, the temperature of which is defined as 0*=* C., then the correc- 
tion is -f 0*6^ C. and the error — 0*6® C. 



9 


t 


LENGTH, AKGLE, TIME AND MASS 


to a nut in wHoh they work, and the amount of rotary motion 
which can be imparted to a screw without causing any movement 
of the nut is known as back-iash. It is sometimes due to wear 
or to imperfections in the manufacture. Very often, however, 
especially if the screw is intended for precision work, a certain 
amount of back-lash is allowed when the screw is being cut. 
The reason for this is that if an attempt is made to make the 
screw and nut fit exactly then the fit is soon destroyed by wear 
owing to the somewhat large forces operating upon screw threads. 



Fia. 1-6 (e). — ^Whitworth Screw Thread. 


It is therefore better to design the screw so that only one of 
its faces is in contact with the nut — ^in this way the wear is 
reduced to a minimum. When using screws for the purpose of 
estimating small distances, care must always be taken to turn 
the screw in one direction through a relatively large distance 
when setting the screw before an observation. Fig. 1.6 (d) will 
perhaps help to make these remarks more clear. 

The Travelling or Vernier Microscope, — order to measure 
short vertical or horizontal distances, a vernier microscope is fre- 
quently used. A precision form of this instrument is shown in 
Fig. 1*7. It consists of a microscope, M, clamped to a tube, A, 
supported in a rigid frame, B. When the microscope is thus 
clamped, a maximum displacement of 4 cm, may be imparted to 
it by means of a screw, S, operated by the milled head, H. The 
amount of this displacement is measured by a horizontal scale, D, 
which gives the complete number of revolutions of the milled head, 
the fractional part of a rotation being given by the divisions on the 
wheel, F, attached to the screw. The microscope may, however, 
be clamped in position at any point along the tube so that longer 
distances are measured by a succession of smaller displacements of 
the microscope. The microscope is fitted with an achromatic 
objective and eye-piece with cross-wires. The * object under 
examination is supported on a small sliding table, resting upon 
geometric clamps, and provided with aligning adjustments operated 
by screws. A steel spring placed inside the tube, A, and attached 
to the stud, K (fixed to the stand, B ), and to the end, L, of the tube, 
so that the spring is stretched, keeps the end, N, of the tube, A, in 
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contact with the extremity of the screw, S. [When the instrument 
is to be used to measure vertical distances, it is provided with a 
tripod base with levelling screws, so that the microscope may be 
traversed vertically.] 

In order to measure with the aid of this instrument the diameter 
of a brass disc, for example, the eye-piece is first adjusted so that 
the cross- wires can be seen clearly-— -when this adjustment has 
been performed the eye-piece must not be disturbed again. The 
microscope is then raised or lowered by the rack and pinion, R, 
until the details in the object are visible. This having been done, 
the microscope is moved either horizontally or vertically until 
the image of the edge of the disc coincides with the cross-wire in 
the eye-piece, the microscope being adjusted so that there is no 
parallax. The appropriate scale is then read, and the onicroscope 



afterwards moved so that the other extremity of the object coin- 
cides apparently with the cross- wire. The difference in. the read- 
ings on the scale gives the diameter required. 

Whenever it is necessary to determine the diameter of a circular 
object it is always advisable to measure two diameters in directions 
at right angles to each other. If the body has a cross-section which 
is slightly elliptical its mean diameter is the mean of any two 
diameters at right angles to one another, for it may be shown 
that the mean of any two mutually perpendicular diameters of an 
ellipse which is almost a circle is a constant for any given such 
ellipse. 

Experiment. — The following exercise, which is to determine the 
number of centimetres equivalent to one inch, provides a means of 
becoming familiar with the use of a travelling microscope and illustrates 
also how to obtain a mean value from a series of observations. A 
steel scale graduated in inches and tenths of an inch is attached to 
the bed of the microscope and the microscope focussed on an image of 
one of the dividing lines on the inch scale, the eyepiece having pre- 
viously been adjusted so that the cross-wires in the microscope are 
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clearly seen. The microscope is arranged so that there is no parallax 
between the cross-wires and the image of the particular dividing line 
which is being observed. The reading on the centimetre scale attached 
to the microscope is noted. The next dividing line is then observed 
and a similar reading obtained. The process is continued until about 
ten observations have been obtained. The fractional part of a centi- 
metre corresponding to one-tenth of an inch may be found as follows. 
Let us suppose that when the microscope is moved by successive 
increments (tenths of an inch), the corresponding readings on the 
scale of the travelling microscope are Cg? • • • ^lo (sQ^y)* How 
are we to obtain arithmetically the best value for the shift of the 
microscope corresponding to ^ 0*1 inch? If we deduce (a^ ^ a^^), 
(Ug ~ a 2 ), etc., and then calculate the mean of these quantities we only 
utilize the first and last observations, for 

(Ug — Uj) + (dg — ctg) + • • •4’ (^10 — (®io — ^i)* 

This may be avoided by calculating 

(Ug - %), (a, - Ua), . . . (aio - ^s)- 
The mean of these quantities, viz., 

4[(®6 + + • • • ^lo) — {®i “b “b • - • <* 5 )] 

then gives the average length in centimetres equivalent to 0-5 inch, 
and we notice that the calculation involves each reading once, and 
once only. 


The Spherometer. — ^This instrument, which was specially 
designed for determining the radii of curvature of spherical sur- 
faces, is shown in Fig, 1*8 (a). The circumference of the screw 
head H is divided into 100 equal divisions ; the pitch of the screw is 
0*5 mm., so that each division corresponds to 0*005 mm. The 
scale S gives the number of complete revolutions which the head 
makes. The points of the legs A, B, C are all in one plane and 
form an equilateral triangle. To set the instrument when, for 
example, the radius of curvature of a convex surface is being deter- 
mined, it is placed on a sheet of glass and the screw-head, H, 
turned until I), the central leg of the instrument, is a little lower 
than A, B and C, Fig. 1*8 (6) ; if the instrument is tapped gently 
it rocks about an axis passing through the points of contact with 
the surface of D and of one of the fixed legs. The screw-head N 
is moved until this rocking ceases— the points A, B, C and D are 
then all in one plane. In estimating the position where the rocking 
just ceases, rotate the head through five divisions at a time when 
the position is being approached. Do this until the rocking ceases. 
Then, having rotated the head back through several divisions to 
avoid errors due to back-lash when the screw is advanced, turn the 
head in the initial direction through one division. Test for rooking 
on each occasion and proceed until the exact position of no rocking 
is located between two successive readings of the position of the 
he^d H. H until, when the spherometer is placed 

on the spherical surface, the instrument just ceases to rock. The 
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difference in the readings gives the height through which the screw 
D has been moved— let this be h. Let a be the distance between 
the enter legs and D when all four legs have their extremities in 
one plane. Then in Eig. 1*8 (c) 

OA2 = AD2 + OD2 



If s is the distance AO, s 


'StQ. 1‘8.— The Spherometer. 

In using this instrument it is convenient to obtain first a reading 
witiy[/he central leg in the lowest position which it will occupy in 
any experiment, for, unless this procedure is adopted, the fractional 
parts are (1 — the reading on H) ; this tends to be confusing. 
The head is then rotated so that the screw D moves upward. The 
number of complete revolutions made by this head is best deter- 
mined by counting, since it is not always easy to locate the position 
of the periphery of H on the vertical scale S. The fractional part 
of a rotation is determined in the usual way. 
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Emmple,’^Ixi determining the tbickness of a piece of glass wi^li a 
<«pherometer the pitch of whose screw is 0*6 mm., the readings were 
(i) 047 mm., (ii) three complete turns and a fractional part 0*25 mm, 
Tluckness == [(3 x 0*5) -h 0*25] — 047 mm. = 1*28 mm. 

Circular Yemiers. — When it is essential to measure angles 
with an accuracy greater than that obtainable with a protractor, 
use is^^made of a circular vernier. The actual vernier found on 
any particidar instrument will depend upon the smallness of the 
divisions on the main scale. As an example let us assume that 
this scale reads directly to half a degree. If the ultimate aim is 
to measure an angle correct to one minute the following procedure 
may be adopted. Twenty-nine divisions on the main scale are 
divided into thnty equal small divisions, so that the difference 
between one scale and one vernier division is one-tbirtietb of 
half a degree, Le. one minute. Hence if the 12th division on the 
vernier coincides with a division on the main scale, the fraction 
of a degree to be added to the reading of tha^ main scale is 12 
minutes. [Note that the main scale is divided into half -degree 
divisions.] 

Indirect Methods of Measuring very great Distances.— 
Hitherto only direct methods of measuring a length, i.e. methods 
involving the repeated application of a standard or sub-standard 
rod of known length, have been mentioned. Let us see whether 
it is legitimate to apply indirect methods to measure lengths, such 
as the distance between two mountain peaks or that between the 
earth and a heavenly body. In these indirect methods a base line 
is selected — ^it may be the diameter of the earth^s orbit— and 
various angles are measured. The required distance is then calcu- 
lated by means of some trigonometrical formula. In this method 
certain light rays are identified with 
straight lines defining the sides of a 
triangle: hut this is an assumption, 
finally to be tested experimentally. It 
is now known that for terrestrial dis- 
tances the assumption is justified, but 
in an astronomical survey involving 
immense distances certain corrections 
have to be applied. These remarks 
are mad© here in order to show that 
there may be inherent difficulties when 
indirect methods are used to deter- 
mine an apparently simple physical quantity such as a length. 

The equation y = a + bx.—lM PL, Fig. 1*9, be a straight 
line making an intercept of length a on the axis OY, and in- 
. clined to the axis OX at an angle 6, Let P be any point (a;, y,) 
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on Uhls line. Draw PM perpendicular to OX and LN parallel 
to OX. Then 

2/ = pm:,= pn + nm 

= PN + OL 
PN 

Vln + ol 


If we call 


PN 

in' 


LN‘ 

6, this equation becomes 
2 / == a + bx. 

Any equation of this type therefore represents a straight line, i.e. 
it is a linear equation between the variables x and y ; if an 
equation contains powers of x it may be said at once that it is 
the equation to some form of curve. The constant 6 in the 
above equation measures the slope of the line. 

The Graphical Determination of Laws,— Whenever possible 
the results of an experiment should be shown graphically and if 

the results happen to lie on a straight 
line its equation determined. The 
constants in such an equation will 
often convey useful information to 
us. Moreover, if all except one or 
two of the points lie on a straight 
line, then such a graph tells us what 
observations should be repeated, for 
they are most Mkely to be in error. 
If the points do not lie on such a 
Hue, a fact which is best revealed by 
stretching a piece of black cotton 
across the paper, it may be advan- 
tageous to plot the logarithms of one or both of the quantities 
involved. The method of attack in such an instance may be 
gathered from the following example. 

Example, The following numbers were obtained in a certain 
laboratory experiment. 
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1 0-7 0-Z 0-3 

Fia. 1*10. 


1 Q 

3*84 

5*43 

6*80 : 

7*66 

9*82 

P 

M3 

1*42 

1*66 

1*80 

2*11 


Discover the law connecting Q and P. 

The graph obtained by plotting Q, as ordinate, against P is not 
a straight line. If, however, log Q is plotted against log P, as in 
Fig, 1*10, it is apparent that these two quantities are related to each 
other by a linear law. The intercept on OY is 0-50, while the slope 
is 1*51. [In measuring the slope of a line always choose two points 
on the line as far apart as possible — shown □.] If we call log P — a;, 
and log Q = y, the equation to the line is y = 0*50 + l*51a?, i.e. 
log Q == 0*50 + 1*51 log P- 
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Th© relationship between Q and P is therefor© 

or Q = 3-18Pi-5^ 

The Measurement of Mass. — ^The mass of a body is usually 
found by comparing that body with a set of standard masses, 
invariably referred to as a box of weights.” The comparison is 
carried out by means of a balance, which is really an equi-arm 
lever poised about a fulcrum. The masses to be compared are 
placed in pans which are suspended on knife-edges from the ex- 
tremities of the beam. The accuracy of the balance depends, to 
a large extent, upon the design of the beam, which must be light 
but rigid. It must be light in mass if the sensitivity of the balance 
is to be high, and yet sufficiently rigid that its shape is not deformed 
under the greatest load for which the balance has been designed. 
The knife-edges are usually made of agate, this substance being 
chosen on account of the facts that it is hard, does not tarnish, 
and may be worked until a straight edge has been obtained. 

The equality of the masses is ascertained by observing the 
deflections of a long vertical pointer perpendicular to the beam. 
When tins pointer swings through the same distance on either side 
of its zero position, then the two masses in the pans are equal. 
The balance is protected in a glass case and the humidity of the 
atmosphere inside the case is greatly minimized by the use of 
concentrated sulphuric acid or solid calcium chloride contained in 
a glass receptacle. When the balance is not in use the beam and 
pans are not free to move, the beam being raised so that there 
is no permanent load on the knife-edges, whilst the pans rest on 
supports, aU these conditions being obtained by the rotation of a 
small handle or wheel, which is outside the balance case. 

Measurement of Time .—The evolution of watches and clocks 
is a result of man’s desire to divide the mean solar day into smaller 
intervals of time. Most clocks depend upon the motion of a pen- 
dulum which, in its most simple form, consists of a heavy bob 
fixed to the end of a string, the other end being attached to some 
definite point. If the size of the bob is small compared with the 
length, I (cm.), of the string, then the time, T (secs.), of a complete 
swing, i.e. the time which elapses between the successive transits 
of the bob in the same direction past some fixed point or line, is 
given by the equation [cf. p. 38] 

T = 2n A A 

wherep is the acceleration due to gravity [cm. sec."^]. This equation 
enable the length of a seconds pendxdum to be found, this being 
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the special pendulum making half a complete swing each second 
so that T = 2 secs. Its lei^h is given by 


: 99*3 cm. 


Errors of Observation.— In this introductory chapter some 
remarks should be made concerning the accuracy of one s 
experimental results. The instruments available for determmmg 
the quantity in question should be criticaUy examined to see 
what accuracy they can give, and care must be exercised to see 
that the final result recorded does not express an accuracy beyond 
the limits which the instruments can give. Suppose, for example, 
that the dimensions of a rectangular piece of wood are found by 
one student to be 3-96 cm. X 4*72 cm. X 1’74 cm. e may ® ^ ® 
that the volume is 32-522688 cm«. Is this result justifiable ? Let 
us suppose that a second student measures the same block mth 
the same pair of callipers. His observations are 3-98 
cm., and 1-71 cm. respectively. If he proceeds to calculate the 
volume as the first student did, i.e. without thinking what he is 
doing, he will obtain 32-327550 cm.s Why the difference ? It is 
simply because their observations, just like ail other observations, 
are subject to error so that they were not justified in stating any- 
thing more than 32-5 cm.® and 32-3 cm.a respectively. 

It must be emphasized that when the first student asserts that the 

volume is 32-5 cm.®, he implies that his result is accurate to withm 
0-1 cm.®, i.e. the error is ± 0-1 cm.® If, for example, there were 
reason to suppose that the error were ± 0-4 cm.®, he should indicate 
it by writing the result as (32-5 ± 0-4) cm.® 

These few remarks may be further exemplified by extracts from 
the writings of a correspondent to TM Ti-mes, 22 February, 1928. 
A few days before the result of a speed record had been quoted as 
206-95602 m.p.h., a figure which implies that the speed was more 
than 206-95601 and less than 206-95603 m.p.h. If it does not, then 
the last figure has no meaning. To use this figure means that the 
error in the observations did not exceed one part in 20,695,602 ; 
thus, if the speed were measured over a distance of one mile exactly, 
then the t.imiTig ; gear gave results accurate to within one-millionth 
of a second. If, on the other hand, the timing gear was absolutely 
accurate, the distance of one mile must have been accurate to one 
three-hundredth of an inch. The correspondent ends by saying 
that a round figure of 207 m.p.h. is about the utmost that the 
actual measurements are likely to justify. 

Errors due to Parallax.— The accuracy of the observations, 
for example, of the positions of the two points, whose distance 
apart is required, made with an ordinary scale graduated in cm. and 
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mui. is Hmited by the fact that the graduation marks have a 
finite thickness and because the eye cannot estimate accurately 
differences of length less than 0*1 mm. The error introduced 
in the measurement of a length in this way is likely to be at 
least 0*2 mm. Frequently, however, the observations may be 
much less accurate un- 
less precautions have been 
taken to eliminate errors 
due to parallax i.e. to 
the apparent change in 
the position of an object 
with reference to some 
fixed object due to a 
change in the position of 
the observer. Such errors 
arise in the present in- 
stance if the scale is used 
as in Fig. 1*11 (a) owing 
to the thickness of the 
bar on which the scale is 
engraved. Thus, with the eye at E^, the position of A appears to 
be 9*1 cm. ; from Eg it is 9*2 cm., etc. To eliminate such errors 
the graduated edge of the scale should be placed in contact with 
the points between which the distance is to be measured — see 
Fig. Ml (6). 

EXAMPLES I 

1. — Calculate the circular measure of an angle of 47°. By means 
of a diagram calculate its sine, cosine, and tangent. What is the 
angle whose circular measure is unity ? 

2. — Describe a vernier and its use on a pair of callipers. 

3. — ^Describe, with the aid of a diagram, a micrometer screw gauge. 

4. — the diameter of the earth were increased by 1 ft., calculate 
the increase in its circumference. 

5. “— Calculate the length of a simple pendulum wMch will beat 
half-seconds. 

6. — Criticize the following ; A rectangular block measures 7*16 cm. 
X 6*73 cm. X 4*05 cm. Its volume is therefore 195*1565 cm.* 

7. —Discuss the advantages of representing a series of observations 
by means of a graph. How would you plot a series of observations 
of the time taken by a trolley to travel different distances down an 
inclined plane, so as to bring out the law involved as clearly as 
possible ? 

g,-— Describe a spherometer and deduce the formula necessary when 
using this instrument to determine the radius Cf curvatiu’e of a 
spherical surface. 
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CHAPTER II 


THE ELEMENTS OF DYNAMICS 



Mechanics.— The science of mechanics deals with the properties 
of bodies, and it is usually stndied under the headings, or sections, 
called Dynamics, Statics a^nd Hydromechanics. The first 
branch, viz. Dynamics, deals with bodies which are in motion 
relative to their surroundings ; the second, viz. Statics, concerns 
bodies at rest, whilst Hydromechanics is the science of liquids. 
This latter subject is again subdivided into Hydrostatics and 
Hydrodynamics , the former section dealing with liquias at rest 
whilst in Hydrodynamics the motion of liquids is studied. 

The Material Particle.— At this stage, perhaps, reference ought 
to be made to the size of the objects we discuss in an elementary 
treatment of the subject of dynamics. The equations which are 
deduced only apply to a body which is so smaU that it may be 
regarded as a mathematical point— such a body is known as a 
material particle. If the body is not small, attention must be 
paid to the fact that it is capable of rotation and therefore pos- 
sesses energy due to rotation. A material. particle may therefore 
be defined as a body which is so small that its energy of rotation 
may always be neglected. 


Motion in a Straight Line 


-The motion of a body is only detected by ^ 
observing its position 
with reference to its 
surroundings. If the 
position of the body 
changes with reference 
to its surroundings, 
then that body is said 
.to be undergoing a dis>~ 
placement. Thus, if 
at some initial time, a 



Fig. 2-1. 


— ^here represented by a point — ^is in the position 0, Fig. 2*1 (cj), 
and later on it is at A, then the body has been displaced, and the 
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displacement is expressed by the length and direction of OA. At 
some later period in its history tiie body may be at B, so that its 
further displacement is AB, whilst the actual displacement from 
the origin is OB. The idea of displacement must always convey 
that of direction as well as that of magnitude. Thus, if 0, Fig. 24 
(5), is the original position of a body, whilst P, Q, R, etc., points 
on the circumference of a circle whose centre is 0, are its subse- 
.quent positions, then the magnitude of the displacement is fixed 
but the direction is variable. 

Sense of Direction. — Every displacement has magnitude 
and direction ; they all have “ sense ’’ too ; for example, a body 
may be displaced from 0 to A, or from A to 0. The sense of the 
direction is opposite in these two instances, the sense of the 
displacement being indicated in a diagram by the use of small 
arrow-heads. 

Representation of Displacement . — A displacement is repre- 
sented on a drawing by a straight Hne whose direction and sense 
are that of the displacement and whose length is proportional 
to the magnitude of the displacement. Any quantity which 
can be represented in magnitude, direction, and sense, is called a 
vector. Other quantities are scalars. Velocity, force, magnetic 
intensity^ etc., are vectors, while potential, energy, money, etc., 
are scalars. 

Relative Displacement and Rest. — ^If two trains are moving 
in the same sense along parallel tracks, a passenger in one of the 
trains may observe the following facts : — ^If he is travelling in the 
faster train, the other train will appear to him as if it were reced- 
ing, whilst if he is in the train which is moving less rapidly, he 
will observe a forward motion of the faster train. Relative dis^ 
placement is defined as the displacement of one body with respect 
to another. In fact all displacements must of necessity be relative 
ones, although we are accustomed to think of absolute displace- 
ment because our idea of rest is generally associated with non- 
moving bodies on the surface of the earth. Actually the earth is 
moving on its own axis, round the sun and through space, so that 
when it is said that a body is at rest, the statement is only intended 
to convey the fact that its displacement, with respect to its sur- 
roundings [generally on the surface of the earth], is zero. 

The Composition of Displacements.^ — ^In order to fix our 
ideas let us consider the displacement of a marble which rolls across 
the floor of a moving carriage. Let PQRS, Fig. 2*2, be the carriage, 
while 0 is the initial position of the marble. Let us further assume 
that in the time required for the, marble to travel from 0 to B 
the point in the carriage corresponding to G has moved to A, i.e. 


I. 
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A occupies the same position relative to the final position P Q R S 
of the carriage as 0 did with respect to the initial position PQRS. 
If C is the point corresponding to B, it follows that 0 is the final 
position of the particle and that the actual displacement is com- 
pletely represented by 00. We say that it represents the actual 
displacement, but it must be understood that this implies the 
existence- of a reference body absolutely at rest. Such a body is 
unknown. The result just obtained is a particular instance of a 
general theorem — ^we refer to the parallelogram law of vectors 
which may be stated as follows : — Two vectors of the same 
typemay be added together by constructing a parallelogram 



Fig. 2*2. — ^The Composition of Displacements (Vectors). 


the adjacent sides of which are proportional to the ' vectors. 
The diagonal drawn through the point of intersection of 
these two sides represents the resultant of these two vectors 
completely. Thus 00, Eig. 2-2, is the resultant of the two like 
vectors OA and OB. The vectors OA and OB are said to have 



been added vectoriaUy. , „ . i 

The' magnitude of the resultant is easily foimd, for if- OD is drawn 
perpendicular to OA to meet OA produced in D, then 

00® = OD® + CD® ODC = 90°] 

= (OA + AD)® -f CD® 

= OA® -t- (AD® -f CD®) -f 2 . OA . AD 
= OA® -k AG® -f 2 . OA . AC-oos 0 


= OA® + OB® -f- 2 . OA . OB . cos0 
where 0 is the AOB. 

Speed.— The idea of speed is obtained by associating the con- 
ception of time with that of displacement. If, for example, a sHp 
goes from one port to another in one day, while another occupies 
two days for the same journey, then the speed of the former vessel 
is t-wice that of the second. The speeds which are referred to here 
are average values of the speeds of the vessels, because the vessel 
starts from rest and comes to rest at some other pdint, so that 
its actual speed at some times will have been less than its average 
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speed, whilst at others it will have been greater. The average 
speed of a body is given by the expression 

js distance traversed 

average speed = 7 : — : — 7 -: — . ■ 

time occupied m so doing 


[Care must be taken to avoid such expressions as “the speed 
of the ship was 22 knots per hour,’’ since knot is a nautical term 
used to imply a speed of one sea-mile per hour. A sea-mile is 
intended to be such a distance on the earth’s surface that an angle 
of one minute is subtended by that arc at the earth’s centre. The 
British Admiralty takes this to be 6020 feet.] 

Velocity . — ^When a body moves in a definite direction the speed 
of the body in that direction is called its velocity. It is important 
to remember that velocity always implies speed in a fixed 
direction. 


Uniform Velocity* The term uniform velocity is used to 
convey the idea that the distance traversed in any small interval 
of time is the same for all such intervals, however small the interval 
of time may be. Thus, if a body moves in a given direction 20 ft. 
in 5 secs, it is not justifiable to say that its velocity is uniform, 
for it is conceivable that if the position of the moving object had 
been observed at the end of every second, say, then the ^splace- 
ments in those seconds may have been found, for example, to be 
3, 5, 6 , 4 and 2 ft. respectively. The velocity (strictly, the mean 
velocity) in the first second is 3 ft. sec.""^ ; in the second second 
5 ft. sec."”^ ; in the third second it is 6 ft. sec.^b etc., whilst the 
average velocity over the interval is 4 ft. sec.~^ But if the 
velocity had been uniform and the body had been displaced 20 ft. 
in 5 secs., then in 1 sec. the displacement would have been 4 ft. ; in 
0*5 sec. 2 ft. ; in 0*25 sec. 1 ft., etc. 

Velocity "time Curve or Graph*— Suppose that a particle has 
an initial velocity , of 2 ft. per sec. and that at the ends of the first 
3 secs, of its motion its velocity is 3*4, 4*0 and 4*2 ft. sec.“^ 
respectively. Its motion can be shown graphically as follows : 
axes OX and OY are chosen at right angles to each other ; one 
division along OX representing 1 sec., while one division along 
OY represents a velocity of 1 ft. sec.”^— see Fig. 2*3 (a). The 
point A indicates the initial velocity, while the points B, 0 and 
D indicate the subsequent velocities of the body. Now the points 
A, B, 0 and D can be joined together either by short straight lines 
[shown dotted] or, since it is legitimate to presume that the velocity 
of the body does not change abruptly but continuously, they may 
be joined together by means of a smooth curve. This smooth 
curve is called the velocity -time curve. 

It is now necessary for the significance of the area under this 
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curve, i.e. the area OABCDRQP, to be found and its mea^g 
interpreted. Since velocity means displacement per nmt time, 
the statement that the uniform velocity of a body is 10 ft. per 
sec. implies that the distances traversed in 1, 2, 3 and 4 secs, of 
its motion wffl be 10, 20, 30 and 40 ft. respectively. In Pig. 2-3 (6) 
the velocity-time curve for such a motion has been constructed -, 
this curve wiU be the straight line AE, because the velocity is 
constant. Now an area of 1 unit represents a distance traversed of 
6 ft., because the unit length paraUel to OX represents 1 sec. and 



the unit length paraUel to OY represents a velocity of 5 ft. sec. 
so that the area OABP indicates a distance traversed of 10 ft., since 
OABP is 2 sq. in. in area. The complete rectangle has an area of 
8 sq. in., so that the distance traversed in 4 secs, is 8 X 6 = ^0 ft., 
a value which agrees with that obtained from the definition of 
velocity [cf-. p. 21]. _ 

Now when the area rmder the curve is an irregular one, as m 
Pig. 2-3 (a), it is still true that this area represents the distance 
through which the body has moved. In this particular example 
the area is 10-51 units, and since 1 unit represents a. distance 
traversed equal to 1 ft., the actual distance traversed is 10-51 ft. 
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Algebraic Formula for Distance Traversed,— If the velocity 
of a body is uniform and equal to ft. sec.~^ the velocity-time 
curve will be a straight line parallel to the time-axis. If unit 
distance along the axis OX represents 1 sec, and unit distance along 
OY represents unit velocitjj after t secs, the area of the velocity- 
time curve wiU be ut units of area, so that 5, the distance traversed 
is uty because unit area represents unit distance, 
i.e, 8 = ut. 

Acceleration and Retardation. — Consider the velocity-time 
curve obtained from the following observations;— 


Time in seconds . . . 

0 

1 

2 

3 

4 

6 

Velocity in ft. sec. . . 

4*0 

4*5 

5*0 ; 

6*5 

6-0 

6*5 




66 

Ci, 

(^4 

I 

O o 

^7 


The graph is shown in Fig. 24, and it is at once apparent that the 
‘‘ curve /' is a straight line, i.e. it is 
linear. Whenever the velocity-time 
graph is linear, the motion is said 
to have been uniformly acceler- 
ated if the velocity is increasing, 
and uniformly retarded if the 
velocity has been diminishing. 

These terms indicate that the velo- 
city has been increased or diminished 
by equal amounts in equal intervals 
of time. 

Definition. — Acceleration, i.e. 
the rate of change of velocity, 
is said to be uniform when the 
velocity increases by equal 
amounts in equal intervals of 
time, however small those inter- 
vals may be. 

A glance at the above table shows that the change in velocity 
is 0*5 ft. per sec. every second ; or^ as it is more usually written 
0*5 ft. per sec. per sec., or 0*5 ft, sec””^. Students are frequently 
perplexed over the words per sec. per sec., the following ex- 
ample is intended to illustrate the significance of the expression ;— 


0 


7.2 3 4- 

T/me, tn Seconds 


5JC 


Fig, 2*4. — ^Velocity- time Curve 
for Uniformly Accelerated 
Motion. 


Time in minutes . . . 

0 

1 

2 

3 

4 

Velocity in cm. sec.”^ . 

60 

90 

120 

160 

180 


Here it is at once apparent that the increase in velocity is 30 cm. 
per sec. every minute, so that the acceleration is 30 cm. per sec, 
per minute, or cm. per sec. per sec,, i.e, 0*6 cm. per scc^ per sec. 
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W the velocity-time curve is not a straight line the velocity 
does not increase by equal amounts in equal intervals of time ; le. 
the acceleration is non-uniform. The acceieration at any particu- 
lar instant may be determined as follows. Let P and Q, Fig. 2*3 {<?), 
be two neighbouring points on a velocity-time curve LM. Draw 
PA and QB parallel to OY, and PC parallel to OX. Then PG and 
CQ represent small increments in the time and velocity respectively : 
we denote them hj At and Since these two quantities are 

small their ratio r- is the mean acceleration of the moving particle 
At 

during the interval of time when its motion is represented by P 

and Q, As the points P and Q move toward one another, the 

Atf ■ * ' • 

ratio ^ remains finite and approaches a limiting value which is 

the acceleration of the particle at P. This limit is denoted by 

dv 

^ or V and measures the slope of the tangent to the curve at 

P Hence by drawing the tangent to the curve at any point, 
the slope of the tangent gives the acceleration at that point. In 
general, it is difficult to draw a tangent accurately, so that to obtain 
the acceleration at any instant we must measure the slope [acceiera- 
tion] of the curve at several points and construct a curve showing 
the relation between the .slope and the time. When this curve has 
been drawn the acceleration at any instant may be read oS at once 
and the value obtained will be more reliable than that found by 
drawing the tangent at the point in question, since several tangents 
have been drawn in constructing the final curve [cf. p. 196]. 

Angular Velocity and Angular Acceleration.— When a 
particle, P, is rotating in a plane about a fixed point 0 the rate at 
which the angle between GP and a fixed line OX changes is termed 
tlOiQ angular velocity of the point P. The rate of change of the 
angular velocity is called the angular acceleration. 

Aloebbaio Foemxjl.® for UNiEoitMLY Acceleratbu Motion 
To find the Velocity after a Given Time.— Let u be the initial 
velocity, a the acceleration, t the time and v the final velocity of a 
moving body, aU these quantities being expressed in the same 
system of units. Now a, the acceleration of the moving body, is 
the increase in velocity per unit time, so that the velocity at the 
end of the first unit time interval is + a. Similarly the velocity 
at the end of the second unit interval will be (ti + a) + a, or w 2a. 
^ Hence, at the end of time, the velocity will have increased by 
an amount at, so that the actual velocity which has already been 
called V is then u + ctt, 

V =^u + at 
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To find tlie Space Traversed in a Given Time Interval,— If 
the motion of the particle is re- 
presented by the S3?Tiibols used in 
the last paragraph, the velocity- 
time graph is easily constructed ; 
since the acceleration is uniform, 
we know from the definition of 
such an acceleration that the 
graph must be a straight line. 

This is represented by AB in 
Fig. 2*5. If BO is drawn perpen- 
dicular to the axis OX the area 
OABG represents the space 
traversed in time 00 == t. 

Now area OABC == rect. OADC + A ABD 
-OC.CD + IAD.DB 

= Ut ~j— 

and this is 5 ; consequently 5 = t/i + 

The two equations which we have proved can be combined 
to form a new one. We have 

= {u + at)^ 

= + 2a{tit + ^at^) 

=zU^ + 205 . 

Motion under Gravity. — When a body moves either towards 
or from the surface of the earth it is said to be moving under the in- 
fluence of gravity. Such motions have been considered from the days 
of the Greeks, foremost among whom was Apistotlb, who taught 
that heavier bodies fell towards the earth more rapidly than lighter 
ones. The validity of this doctrine was not disputed until Galileo 
[1564-1642] showed that two bodies, the mass of one being ten times 
that of the other, fell together when released at the same instant. 
These experiments, which were conducted from the leaning tower 
of Pisa before the eyes of his opponents, may be said to have 
sounded the “ last post ” over the old doctrines which were founded 
on speculation, and which, in time, have been superseded by 
teachings based upon experimental fact. The ideas of Galileo were 
developed by Sib Isaac Newtok [1642-1727], who devised the 
so-oailed guinea ’-and --f eat her experiment. He allowed a guinea 
and feather to fail in air and showed that the guinea reached the 
ground first. The cause of this apparent exception to the teach- 
ings of Galileo was discovered by performing the experiment in an 
exhausted tube. Under' such conditions the feather and guinea 
fell together, for there was then no resisting medium to retard 
the motion of the feather. 



Fig. 2*5. — ^Velocity-time Curve for 
Uniformiy Accelerated Motion. 
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The Acceleration ol Falling Bodies.— All bodies fall towards 
the earth with a constant acceleration which is equal to 32 ft. 
sec.~ % or 981 cm. sec.”^ in these latitudes. The value of g varies 
at different places because the earth is neither a true sphere, nor 
is it homogeneous. In addition, the earth’s surface is not smooth, 
so that the variation of gravity with altitude always has to be 
considered. 

When a body moves under the influence of gravity its motion is 
determined by the equations, 

t? gri 

s r= -j- 

< 2^2 2gs, 

The plus sign is used for falling bodies, the negative for those which 
rise. [For bodies starting from rest, u = 0.] 

Momentum and Force,— Bodies only move relatively to their 
surroundings ff they are acted upon by some external agency, and 
by experience we know that it is more difdcult to move some bodies 
than others. This is because the bodies have different masses, 
where mass is defined as the quantity of matter in a body. To 
this statement must be coupled the idea that two masses are 
equal it, when moving with equal velocities but in opposite senses, 
they are reduced to rest after a collision in which there is no 
rebound. The external agency which is capable of imparting 
motion to a body is called /orcc. Now when a force acts on an 
object it cannot increase the mass of the body, and yet we know 
that the larger the force which acts on a body, the more difS.cult 
it becomes for the motion to be arrested. It is the momentum of 
the body which has been increased by the larger force, and it 
continues to be increased by the force during such times that 
the latter is operative. The momentum I is defined as the 
product of the mass, m, of the body and its velocity v, so that 
I =;= mv, 

Newton’s Laws of Motion. — 

Law I. — Every body continues in its state of rest or uniform 
motion in a straight line, unless impressed forces are acting 
upon it. 

Law II. — Change of momentum per unit time is propor- 
tional to the impressed force, and takes place in the direction 
of the straight line along which the force acts. 

Law in. — Action and reaction are always equal and oppo- 
site. 

Galileo discovered the first two laws quoted above towards the 
end of the sixteenth century, whilst the third was imown to Hooke, 
HtrvGHEisrs and Week, The three laws were formally stated by 
Newton in his Principia in 1686. 
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A formal proof, analytical or experimental of these laws is not 
possible, but on them is based the whole system of dynamics, 
including astronomy. Since the results obtained and the predic- 
tions made by astronomers are in good accord with facts, it becomes 
difficult to imagine that the laws on which their arguments finally 
depend are erroneous. 

Force. — ^Newton’s second law provides us with a means of 
measuring forces. The proportionality implied in the law may 
be made into equality by an appropriate choice of units. If the 
velocity of a body changes firom Vi to in time t, the force F is 
given by 

u == — -z = ma 

t 

only when this particular, choice of units has been made, the force 
then is equal to the change of momentum per unit time. 

Units of Force.— When the mass of a body is given in pounds, 
and the acceleration in feet per second per second, the force is 
expressed in The absolute unit of force in the F.P.S. 

system is the poundal, which is defined as that force which, 
acting on a body of mass 1 lb., will impart to it an acceleration 
of 1 ft. sec, In the C.6.S. system the absolute unit of force 
is the dyne, which is that force which, acting on a mass of 
1 gm,, will impart to it an acceleration of 1 cm. sec,^^ 

Mass and Weight. — ^Whenever a body of mass m moves under 
the influence of gravity it acquires an acceleration g. The magnitude 
of the force which causes this motion is mg, and it must be attributed 
to the attraction which the earth has for all matter. This force is 
called the weight of the body. We can therefore find the weight 
w, of a of 1 Ih. It is ti; == 1 x g == 1 X 32 = 32 poundals. 
Hence a mass of 1 lb. has a weight of 32 poundals, by which state- 
ment it is to be understood that the force due to gravity on a 1-lb. 
mass is 32 poundals. 

Engineers find that the poundal is too small a unit of force for 
practical purppses and so choose one which is 32 times as large. 
This is the pound-weight unit — abbreviated to 1 Ib.-wt. The 
statement that a force of 6 Ih. acts on a body has no meaning. 
The idea which it is intended to convey is that the force is equal 
to that which is operative on a 6-lb. mass due to gravity, so 

/6 X 32\ 

that its magnitude is (6 X 32) poundals or / — — - \ = fi lb.-wt., 

the correct statement being that a force of 6 Ib.-wt. acts on the 
body. 

Absolute and Gravitation^^ Units of Force.^ — ^A poundal and 
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a dyne are termed absolute units of force, since their valnes are 
independent of gr, the acceleration due to gravity, a quantity which 
varies at different places. A pound-weight (1 Ib.-wt.) and a 
gramme-weight (1 gm.-wt.) are called gravitational, units of 
force since they depend on the value of g. 

Newton’s Third Law of Motion. — ^Let us examine the state- 
ment ‘‘Action and reaction are always equal and opposite ’V in 
more detail. 

When a book rests on a horizontal table, the action or thrust 
of the book on the table is equal to the reaction or thrust of the 
table on the book. In this instance, the action and reaction must 
be equal and opposite, for if not, motion would ensue. This example, 
dealing with bodies at rest, presents no difficulty. But Newton’s 
third law of motion postulates that action and reaction are always 
equal, i.e. even when the two bodies move. Newton considers the 
particular instance of a horse drawing a cart, “ If action and 
reaction are equal and opposite, how is it that the horse and cart 
move forward ? ” is a question not infrequently asked. 

Before attempting to solve this difficulty, which is often a very 
real one, it must be emphasized that in attempting to solve any 
meolianioal problem, the first essential thing is to fix upon the 
system whose rest or motion is to be discussed. The system may 
comprise one body, several bodies, or many bodies, but the system 
must be clearly defined before the solution is attempted. 

In the present problem three possibilities for ffiscussion are 
as follows :—(i) the motion of the cart, (ii) the motion of the horse, 
and (iii) the motion of the horse and cart together. If we begin 
with the first then w© must imagine the cart to be isolated from 
the horse and aH other objects by some imaginary closed surface. 
The forces acting on the cart are 

(a) an attraction due to the earth— this is called the weight of 


the cart ; 

(6) an upward thrust (the resultant of the two thrusts at the 
points where the wheels are in contact with the ground). 

But by the tliird law of motion to each of the forces {a) and 
ify) equal and opposite forces are exerted by the cart on the earth, 
Th^se are no concern a.t present, however, for we have agreed to 
discuss the motion of the cart, and accordingly have isolated it 
and have to consider the forces acting on the cart only. 

Now the forces (a) and {b) must be equal and opposite, for if 
not, the cart would rise or fall according as the thrust of the earth 
on the cart were greater or less than the attraction of the earth 
on it. Since there is no motion of the cart in a vertical direction 
those forces balance, and we do not have to consid^er them further. 

(c) I/Ot T be the tension in the traces. 
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{d) Let R be the force due to firiotion, air resistance, etc. Then 
if T^R the cart 'will move forward its acceleration being 

T-R , ■ 

= (say) 

where is the mass of the cart. 

Similarly, if the motion of the horse is discussed, we shall find 
that the external forces (not balanced) acting on him are 

(i) the tension in the traces (acting backwards), 

(ii) the horizontal component, F, of the thrust of the earth on 
the horse. 

If F T the horse moves forward with an acceleration given by 


F~T 



where Ms is the mass of the horse. 

Since = ag, the common acceleration of the horse and the 
cart is 

F-R . 

Mi+Mg 

If we consider the horse and cart together, the unbalanced 
forces are E and R, the acceleration being 

F--R 
M, + Mg 

as before. In this instance it is not necessary to consider the 
tension, since it is now only an internal reaction between two 
parts of the system ; this cannot affect the motion any more than 
do the intermolecular forces in the horse and cart themselves. 

Emmpte.—A mass of 15 lb. is pulled along a horizontal table by 
a light inextensible string passing over a smooth pulley and carrying 
a mass of 1 lb. Find the tension (T) in the string, and the acceleration 
(a) of the system. 

Consider the forces acting on the 16 lb. mass. They are : — 

(i) In a vertical direction the weight (15 x 32 poundals) acting ver- 
tically downwards which is balanced by the upward reaction of the 
table. 

(ii) In a horizontal direction there is the tension T (poiindals). 
Hence 

T - 15a. 

Now consider the forces on the 1 lb. mass. 

(i) There are no forces in a horizontal direction. 

(ii) Vertically, the weight (1 x 32 poundals) acts downwards, and 
the tension T acts upwards. 

The resultant force downwards is 

' ,32^-'T-'' : , 

and since this acts on a mass of 1 lb., we have 
32 - T 1 X a. 
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Solving these equations ^ 

a = 2 ft.sec.""*' and T = 30 poundals. 

Bmtnple , — Two masses, and mg (m^ > mg), are comected by a 
light string passing over a smooth pulley. Discuss the motion and find 
the tension, T, in the string. 

Let a be the acceleration ; consider the mass m^. Resolving verti- 
cally, the downward force is — T, and this acts on a mass m^. 

Similarly, for the mass m-g, the upward force is T • 

Hence 

m^g-T T-m^g 

« QJ. ^ 


(mj 


- m2)g 


and T = 


2mim2 


nv-^ -}~ mg ^ “h mg 

Example* A cage of mass 0*5 ton is drawn up a mine shaft by a 
rope passing over a smooth pulley at the top. The pull is constant 
and the cage moves through a distance of 30 ft. in 6 sec. from rest. 
If the mass of the men inside the cage is 1-5 tons calculate the tension, 
T, in the rope and the thrust, E, on the floor of the cage. 

25 2 X 30 

Acceleration = 


^4*/ - 

= g- it. sec. 


The upward puli on the cage, if T is expressed in tons-wt., is 
(T~2)^-2.t. 

/. T = 2*10 tons-wd}. 

Consider now the vertical forces on the men ; there is E, the uptlirust 
of the floor on them, and their weight 1*5^ downwards. Hence 

(E — = f . f = f . [E is expressed 

.*. E = 1*58 toiis-wt. in tons-wt.] 

Atwood’s Machine. — ^If an attempt be made to determine the 
acceleration due to gravity by observing the motion of a freely 
falling body, one will soon realize that the method is not susceptible 
of any great precision since the time of fall is so short that it cannot 
be measured directly and accurately. The time of fall may be in- 
creased by diminishing the downward forces acting on the body. 
Atwood’s machine, in which this principle is involved, is shown in 
Fig. 2'6 (a). ■ It consists of two columns, AB and CD, supported on 
a common base fitted with levelling screws so that the instrument 
may be made vertical. The upper ends of these pillars are joined 
together by a piece of wood upon which is supported a pulley wheel 
E carried by four other wheels— in this way the friction is reduced to 
a minimum. Two equal masses, P and Q, usually in the form of 
cylinders, are attached to a cord passing over E . The mass Q carries 
a rider of the shape shown at (6). Initially Q and its rider rest on 
a drop bridge L maintained in a horizontal position. When this 
bridge is lowered the driving force acting upon the system is 
mgt where w is the mass of the rider and g is the acceleration 
due to gravity. The load moving is (2M + m + k) where M is the 
mass of each cylinder and k " is a term added to represent the 


- 


f 


inertia of the pulley system, 
tion a, then 
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If the whole moves with acoelera- 


mg ==■ {2M + m + 


or 


(2M + w + ^) = 


mg 


In order to eliminate k the experiment may be repeated using two 
other equal cylinders of mass 
M' when 

(2M' + m + 


a' 


Subtracting these two equa- 
tions we have 

2(M - M') = - 4 

^ a 

From this equation g can be 
calculated when a and a' are 
known. To determine the 
acceleration of a body it is 
necessary to measure the velo- 
city at two different times. 

In the present example the 
body moves from rest, so that 
its initial velocity is zero. In 
order to find its velocity, at 
some other time, let us say 
when the body has moved to 
R, a ring is placed at this 
point so that the rider is auto- 
matically removed when it 
reaches this point, and the 
system continues to move with 
constant velocity. This is 
found by observing the time 
required for the system to 
move to the lower platform 
T. If .s is the distance RT and the observed time the velocity 

is If we assume that the acceleration over the distance LR is 
uniform 



Fig. 2*6. — ^Atwood’s Machine. 
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where a? = LR 
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A Modem Form o( Atwood’s Machtoe^ssos ond JoOT 
ham teoaitly deoigned a form of Atwoodo 

Sl3 been considerably im- 
IpP ■ ■ proved. The two 
masses axe joined to- 

gether by apiece o- 


li 




paper in the form of 
a very Ugbt ribbon, Fig. S-l. 
mi * -*-hac+ end ot a vihratiii^ 

S This moves of vibrations 

axm makmg a definite mimu 

! V per second." ,The experiment IS Cred ent 

L exactly the same manner as before e 

cept that tbe acceleration m 
fromtbg wavy trace recorded on g 

An example of suck a tr^e is^givenm Fig. 2 8^ 

Tt will be noticed that the initial part ot tne 
curve is not veiy distinct, but by 
the following manner this r^. drawn 

can he neglected. Imagine a stmght 
p^allel to the edge of f « Jihbon so ^at | 
passes down the centre of the trace. ^ ^ ^ 

Ld C be three points at which the wavv 
“ooVbj tho slight ooo md 
same number of vibrations has been made i 
two foSlals AB and BC. Let 
n If the velocity of the ribbon at A was and 
the time taken to make n complete waves <,the 
Si = Vot + 

where e, ia egral to AB, imd o i» 

It the syrtem. SimUriy ... the drstamee BC, 
is given by 

Si = Vxt + 

where e. ie the rdocity et B. Smce thie ie egeel to v. + at, 

s^ = Vot + 


Fig. 2-7. — ^Modern 
Form of At- 
wood’s Machme. 



By subtraction we have 

8,-Si = ai* 

be calculated. Care must be taken to see that no 


BO that a may 
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portion of the wavy curve used corresponds to the time after the 
rider has been removed, for the acceleration is then zero. But 
this portion of the curve may be used to demonstrate that the 
velocity is then constant, 

Welander’s Apparatus for Determining ‘‘g.” — long 
pendulum, Fig. 2*9, consisting of a thin steel wire and an iron ball 



Fig. 2*9.—Welandor’s Apparatus for Determining “g.” 


Bi about two inches in diameter, is suspended from the eeiHng or 
wall bracket. The pendulum is held at an angle to the vertical 
by an electromagnet Another electromagnet, Mg, wired in 
series with the first, holds a release ball Bg, also of steel. By opening 
the s-witch S the pendulum and hall Bg are released simultaneously. 
On falling to a vertical position the pendulum operates a gate 
switch G. A trap switch T operates when struck by the falling ball. 

To begin the experiment the gate and trap switches are set and 
the switch S closed. The three electromagnets are now excited so 
that the pendulum and two spheres may be fixed in position. The 
trax^ having been placed at a distance H below Eg, the switch S is 
opened when the pendulum and ball Bg are set free together. Let 
us suppose that the hall hits the trap switch and closes it before 
the pendulum strikes the gate G. The electromagnet Mg will still 
be excited and Eg will remain in position. If, however, the gate G 
is opened before the trap T is closed by impact of the falling sphere, 
the magnet Mg is no longer excited and Bg is released. The trap 
is therefore moved an inch at a time until two positions of the trap 
are found such that at one the ball Bg remains in position while 
at the other Bg is set free. By moving the trap 0*1 inch at a time 
two positions are determined, the lower of which releases the 
indicator bah while the higher leaves it attached. 

Let H be the height through which the ball Bj falls, and t the 
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periodic time of the simple pendulum used [this must be measured 
as explained on p. 38]. The release ball strikes the trap after a 
t ot 

time ^ so that its velocity is ^ cm. sec.“^ if C.G.S. iimts are 

used. But this is equal to cm. sec“^. We therefore have 

/ — iq 32H ^ 

V2grH=— or gr == ~^ cm. seo.""2. 

Work.— -If a constant force F acts on a body and the point of 
application of the force moves a distance s along the line of action 
of the force, work is said to have been done on the body. It 
is given by W = Fa. 

Units of Work.— When a force of 1 poundal is applied so that 
its point of application moves 1 ft. along the direction in which 
the force is acting, the work done is 1ft. --poundal. Engineers use 
a larger unit called the ft. -pound, which is the work done under 
conditions similar to the above when the force is 1 Ib.-wt. 

*In the C.G.S. system the absolute unit of work is the erg, and 
this is defined as the work done when the point of application 
of a force of 1 dyne moves 1 cm. along its line of action. 
The practical unit is the joule, or ergs. 

Energy. — ^If a body is capable of doing work it is said to possess 
energy, i.e. the energy of a body is a measure of its capacity for 
doing work. An agent performing 550 ft. -lb of work per second 
does work at a rate of one horse-power. In the C.G.S. system, 
the power, or rate at which work is done, is often measured in 
watts, a watt being equivalent to 10^ ergs per second. Electrical 
engineers find this unit too small for practical purposes so that they 
generally employ as their unit one which is equal to a thousand 
watts ; it is termed a kilowatt. One horse-power is 0*746 kilowatt. 
Electrical energy is measured in Board of Trade Units, one of 
which is equal to one kilowatt-hour. 

When a mass m is at rest at a height h, it is attracted to the 
earth by a force mg [its weight]. If it falls to the earth’s surface 
it does work mgh. But 2gh = where v is the final velocity of 
the body, so that the work done is The body possessed 

energy when at rest, for it was capable of doing work equal in 
amount to The energy which a body possesses in virtue of 

its position is called its potential energy and is measured by 
the amount of work the body performs in passing from its 
original position to a standard position, where the potential ' 
energy is considered to be zero. The potential energy of a body 
at the earth’s surface is taken as zero, whilst the energy associated 
with its motion is called its kinetic energy. 

/. Energy = mgh = 








A, A . .. I . 


! 
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AMongh tile esqpressi^^ has been obtained for motion under 
gravity, it is true in general as an expression for the kinetic energy 
of a mass m moving mth velocity 

Principle of the Conservation of Energy.— From the above it 
is seen that potential and kinetic energy are mutually convertible 
— a property vs^hich is possessed by all forms of energy, whether 
they be magnetic, electric, kinetic, etc. When such changes of 
energy take place the principle of the conservation of energy 
states that the total energy in any system is always 
constant. 


Motion in a Horizontal Circle.— If a particle of mass m is 
moving in a horizontal circle of radius r, with uniform" speed v, 
its velocity cannot be said to be uniform because its direction is 
continuously changing, and this im- 
plies the existence of a force which, 
in turn, gives rise to an acceleration 
which can be calculated as follows. 

Let A and B, Fig. 2*10, be two posi- 
tions of a particle of mass m rotating 
in a circle, centre 0 and radius r. 

Let V be the speed of the particle, 
and let us assume that the time re- 
quired for the body to move from A 
to B is srpall. The velocity at A is 
t? and is directed along the tangent 
AT. At B the velocity is v along 

BS. If 6 is the AOB, the velocity 
at B is equivalent to a velocity v sin 0 along BD, where BD 
is parallel to AO, together with a velocity v cos 6 along BC, 
where BO is parallel to the tangent AT. If 6 is small these 
are respectively vd and v. At A the component velocity along 
AO was zero so that the change in velocity in this direc- 

AB rO „ 

tion is vd and this has occurred in a time — or • — . The 

V V 

rO 

acceleration is therefore vd ~ i.e. Since the velocity in the 

V T 

direction of the tangent at A does not change by a finite amount, 
the acceleration along the tangent is zero. The only force acting 

77hV^ 

on the particle is therefore — and this is directed towards the 

centre 0 ; it is coiled the centripetal f^^^^ This force is due to 

the action of some other body, and since, according to Newton’s 
Third Law of Motion, action and reaction are equal and opposite, 
it follows that this other body is being pulled by a force which 
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- wSSrr 2 

toUoTOg ^ „<1 c»»ed to rotate rapidly in a 

LS'S No water iB lost becaose *6 TOlcKriiy is so 
SSe^te eZs a thrust on the hottarn o£th. oontante wh.oh 

r ^“tzrtfer«^"c .st — >1 ^ 

=S‘S5=SKi“H^ 

iraed »d then centrihged in onier to 

remove the \^ater [of. p* _ 

The Banking of Tracks.-Eig. 2-11 represents atruck of mass 

^ 7 J^ moving With speed t? on 

a circular track banked 
at an angle 6. If G is 
the centre of gravity of 
the truck, Tng wiU act 
vertically downwards 
along GA whilst the 
mv^ 

centrifugal force 

wiU be operative in a 
horizontal plane along 
GB. To prevent the 
truck from leaving the 

rsil. the tek must be banked to oioh an ektet 
ant ol those two forces is perpendicular to the took. Under the 

conditions we have 



tan 6 == 


AC 

GA 


r 


• mg = — 


where d is the angle of greatest tilt on the tock surface. __ 

If the outer rail is not thus elevated the flan^ of t e _ 
will grind against it in order to create a force snihoient to enable 
the truck to take the curve at the desned speed. 

Simple Harmonic Motion.— Let us imagmethat » ^ 

Fig. 2-12, is moving with uniform speed alo:^ the circumference 
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a circle whose centre is 0. If PM is drawn perpendicular to the 
diameter AOG, M wiU move to 
and fro across this diameter as P 
moves round the circle. The point 
M is said to execute simple har- 
monic motion, so that we may say 
thatymple harmonk.mQtm 
is the projection, gf uniform motion 
in a circle upon a diameter of the 
circle. The distance OA is called 
the amplitude of the oscillatiGn and 
the time required for one complete 
oscillation, i.e, for the point M to 
move from A to 0 and back again, is referred to as the period 
of the oscillation. 

Formiilse for Simple Harmonic Motion.— Let a be the 
am|)litude, while m is the angular velocity of the point P. 
The actual speed of P is therefore ao> so that its acceleration is 
in the direction PO. The acceleration of M is equal to the com- 
ponent of the acceleration of P parallel to AO, viz. cos POM. 

OM 

But since cos POM = this reduces to cy^ . OM. We 

therefore see that the acceleration of M is directly proportional 
to its distance from 0 since is a constant. When a body 
moves so that its. acceleration is always proportional to its dis- 
tance from some fixed point in the line of motion and directed 
towards that point, its motion is said to be simple harmonic. 

The periodic time, T, is equal to the time occupied by P moving 
once round the circle. Now in this time P moves with a speed v 

a distance 27ta, so that T = — = — . 

ft) 

Since co^ is the acceleration when the particle is at unit distance 
from the origin, we have 

T=27t:/V acceleration for unit displacement = %t \/ . 

V acceleration 


To Determine the Period of a Simple Pendulum.— A simple 
pendulum is really a mathematical ideal to which we can only 
approximate in practice, for it is defined as a heavy particle sus- 
pended from a rigid support by a massless inextensibie string. The 
pendulum we have to use consists of a heavy ** bob ” suspended by 
a light cord. Let A, Fig.2'13 (a), be tbe “ bob ” of mass m, C the 

point of suspension, so that AC is the string of length I, Let 

■ ■■ ■ 

OC be the rest position of the pendulum. Let B be the ACO. Then 
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when the mass is at A the force acting upon it in the direction of the 
tangent is mg sin 0, which we may replace by^fl-O if 0 i^small. Th 

acceleration of A is therefore gB, i.e. g . — or ^ 

Hence, when 0 is small the acceleration is proportional to the dis- 



Fig. 2*13.— Simple Pendulum. 


tance of A from 0 so that A wiU execute a simple harmonic 
motion, the period of which is _ 

T = 2n A / L 

V g 

■ To Determine the Acceleration due to Gravity.— The simple 
pendulum furnishes us with a ready means of finding “ g.” A lead 
sphere about one inch in diameter is suspended by a thread held 
between two blocks as shown at (6) so that the length of the pen- 
dulum does not vary as it swings. Ji the lower edges of these 
blocks are not in the same plane or have become rounded as m 
(c), considerable errors will be introduced. This pendulum is 
placed in front of some vertical line to indicate the rest position, 
or it may be viewed with a telescope which is adjusted so that the 
vertical cross-wire in the telescope coincides with the zero position 
of the extremity of the pendulum. The pendulum is set in motion 
and the time of twenty complete oscillations found. The observa- 
tions are repeated and the mean time calculated. To deterimne 
this more accurately the time is noted when the pendulum swings 
past its zero position. The swings are not counted, but after the 
lapse of some minutes, or previously if the motion is damped con- 
siderably, the time is again observed when the pendulum movra 
through its zero position. The time between these two “coinci* 




ELEMENTS OF DYNAMICS 


39 


dences divided by the approximate value of the periodic time 
would be ail integer if the observations were not subject to error. 
The integer nearest to the quotient actually obtained is therefore 
the number of swings made between the two coincidences ; siffce 
this is known the period can be calculated. This method of measur^^ 
ing a period should always be resorted to whenever possible. 

The length of the pendulum is then changed and the period deter- 
mined. In this way a series of corresponding values connecting 

T and Z are obtained. Since I is equal to it follows that if 

T^ [abscissa] is plotted against I [ordinate] the slope of the line will be 


JL* 

4 : 71 ^^ 


if this is measured g may be deduced [cf. p. 14]. 


In evaluating the “ slope ” of a straight line it must be under- 
stood quite clearly that it is not the tangent of the actual angle 
which the straight line makes with the axis of x, for this depends on 
the scales used to plot the variables. If A and B are two points 
on a straight line, and C the point of intersection of straight lines 
through A and B parallel to the axes Ox and Oy respectively, then 
the slope of the line is equal to 

the quantity represented by CB 
the quantity represented by AC 


Motion of a Liquid in a U-tube. — ^Let I be the total length of 
liquid [say mercury] contained in a U-tube of uniform cross-section. 
Let m be the mass of liquid per unit length of the tube. If the 
mercury is depressed in one limb so that it rises an equal distance 
in the other, on releasing the mercury it will continue to oscillate 
with a definite period which may be calculated as follows. When 
the mercury in one limb is at a height x above its zero position the 
force operative on all the mercury in the tube is equal to the weight 
of a mercury colunm of length 2x, i.e. W == 2mxg, Since the total 
mass of mercury is ml the acceleration, a, at this particular instant 
is given by 

2ux 

2mxg mla, OT a = 

We therefore see that the acceleration is proportional to the dis- 
placement X ; i.e. the motion is simple harmonic and the periodic 
time is 


2 ^. 


T = 2^^/ ‘ 
2? 


since y is the acceleration for nnit displacement, i.e. the periodic 
time is the same as that of a simple pendulum of length-^. 
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Motion of a Body Suspended by a Spring,— We now consider 
the motion of a heavy body, suspended from a fixed snpport by a 
helical spring of negligible mass. Let M be the mass of the body. 
When the spring is at rest its lower end will be at some definite 
position. When a small additional mass m is added, let x be the 
distance through which the lower end of the spring descends. 
Experiment shows that if a mass m had been removed from the total 
load carried by the spring the equilibrium position of the lower end 
of the spring would have been raised by an amount x. It also shows 
that X is directly proportional to m. 

If therefore the load is M and the spring is stretched further by an 
amount y, the force tending to restore the load to its equilibrium 
position is the resultant of the weight aoiiing vertically down- 


wards and the upward pull ( M 


The acceleration 


of the mass M will therefore be cx = The acceleration is thus 

mx 

proportional to the displacement y. The motion is therefore 
simple harmonic with a period T given by 

•^^(acceleration for unit displacement) 

‘V mg 

Oscillations of a Gas in a Cylinder.— Let us consider an air 
tight cylinder closed by a piston of mass M, which moves without 
friction. If the piston is forced inwards so that the gas is com- 
pressed and then released, it will be driven outwards on account of 
the increased pressure of the gas. Its momentum will carry it beyond 
th4 position of rest so that the air in the vessel will expand until the 
momentum has been lost. The piston then be driven in again 
and the process repeated, at regular intervals. 

To determine the period of this motion let V be the volume of the 
cylinder and P the initial pressure of the air. If this is increased to 
P + fbo volume win become V — v, where is given by 

VP === (V — (P + [Foyle’s law, cf. p. 80] 
or jpt? ~ jpV — ‘27P. 

If the displacements are small so that the product pv may be 
neglected, jpV = vP^ or p If S is the area of the base of the 

piston, the resultant thrust on it when the change in volume is v is 
P==:^S — P^~^S. If is the length of the cylinder and x the 
distance through which the piston moves when the diminution in 
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volume is w, then V = IS, and P = -j.x.S. The aeceleration per unit 

PS 

displacement is therefore so that the periodic time is 

T = 2jt a/—, 

V PS 

The Theoey oe Dimei^sio^sts. 

The Dimensions of a Physical Onantity.— It has already 
been seen that the magnitude of a physical quantity may be ex- 
pressed in terms of an appropriate unit, i.e. a given quantity is 
said to be so many times a certain unit. The statement that the 
length of a particular wall is a metres implies that its length is a 
times a certain unit of length— the metre. The above statement 
really consists of two parts — 

(i) the pure number or numeric a which is the measure of the 
quantity in terms of the unit employed, 

(ii) the name of the unit. 

Now the measure of a physical quantity varies according to 
the size of the unit employed, but the product of the measure of 
a physical quantity and the unit employed remains constant. 
Thus 

' 2 metres = 200 centimetres. 

If n and are the measures of a particular physical quantity 
when the units are [U] and [Ui] respectively, then 

n[U]::=niU,l 

1 

[U] 

or the measure of a physical quantity is inversely proportional to 
the size of the unit in which that physical quantity is expressed. 

In selecting the units of length, mass, and time the choice is 
arbitrary. When we have to deal with velocity for example, 
however, we could still choose a certain velocity as the unit velocity. 
The unit chosen must satisfy the following requirements : — ^It must 
he reproducible and capable of being easily applied. Such a unit 
of velocity is not easy to find, but the difficulty is overcome in 
the following way. Suppose that the engine known as the “ Royal 
Scot,^’ when travelling at its maximum speed, takes a seconds to 
pass from one end of the platform of a certain station to the other, , 
the distance between these ends being b cm. The velocity of the 
engine may then be said to be unity. According to this scheme, 

the velocity of an object moving 1 cm. in a sec. would be ^ X (the 

above unit of velocity). If the distance moved were 1 cm. in 1 sec.. 


i.e. 


n Cf: 


the velocity would be ^ units. 


If an object travelled Z cm. in i secs. 
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its velocity in terns of the unit selected would be ^ In all 


such expressions the factor ^ occurs. Why not get rid of it by 

choosing a more suitable unit ? Let the unit of velocity be such 
that an object moving with unit velocity travels 1 cm. m 1 se . 

Then the velocity of a body describing I cm. in< secs, is-om.sec. \ 

The unit velocity is therefore expressed in terms ^of the umts of 
length and of time. Such a unit is known as a denved «««• 
The unit of velocity thus selected is directly proportional to the 
unit of lehgth and inversely proportional to the umt of time, for 
if a body moves 1 metre in a second its velocity will be 100 tunes 
that of a body moving with unit velocity, while if^ moves 1 cm. m 
1 minute, its velocity wiE be 60 times less. We say that the 
dimensions of the unit of velocity are 1 imlen^h and - 1 m time, 
a fact represented s 3 mibolically as [L1[T L^l- 

Dimensional Equations.— The interrelationship between the 
units of length, mass, and time— the so-called absolute units 
and a derived unit may be expressed by means of a dimensmnal 
equation, where by the statement that the dimensions of a certain 
physical quantity are a, /S, and y in length, mass, and time respect- 
ively, we mean that the unit in terms of which the quantity is 
expressed varies as 




>v 


X 


X 


[Lf[Mf[Ty, 

where [L] denotes the unit of length, [M] that of mass, and [T] 

that of time. , j. • 

An expression such as n[L] implies that the length of a certam 

object is w tunes the unit of length. » is itself a mere 
To discover the manner in which the unit of area depends on that 
of length let us consider the area of a rectangle whose adjacent 
sides are b and c. Then its area, a, is 

a[A]==b[L]Xc[Ll 

^bc[Lf. 

This equation shows that if, for example, the unit of length is 
doubled, that of area is quadrupled, i.e. the number expressing 
the area in terms of the new unit will be reduced to one-fourth of 
the number expressing the area in terms of the old unit. 

Let us. consider the dimensions of the unit of density in respect 
to the dunefisions of the three fundamental units. Wh have 
density === mass/voliiiiae. 

" 

Tiierefore 

[D] = [Jf]/[L]® = [if}. [L]-®- 

The dimensions of density are therefore one in respect to the 
unit of mass and — 3 in respect to that of length. 




* mdAAAAA.Ki .. 


...avi . A, . . .1 ^ . i.j. . _ 
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Such equations as these are useful in two ways : — 

(i) we can express a density given in one system of units in terms 
of any other possible system of units, 

(ii) in any equation in which a number of terms are added 
together the different terms must be homogeneous as far as their 
dimensions are concerned, i,e. each term must be expressed in the 
same units of dimensions. This fact was first pointed out by 
Eoxtbieb, a celebrated French mathematician. 

The Dimensions of Some Physical Quantities in Mechan- 
ics. — ^In determining the dimensions of a unit in which a physical 
quantity may^ be expressed, it is only necessary to write down any 
equation, so long as it is valid, connecting this quantity with others 
whose dimensions are known. The particular equation may be 
either one applicable to a particular instance or one that is true 
in general. 

(i) Velocity. We have 

s = vt 

where s is a numeric representing the distance traversed in t seconds 
by a body moving with constant velocity v, [i and v are numerics]. 
Then 

siL] = v[V].t[Tl 

where [F] denotes the dimensions of the unit in which a velocity 
is expressed. From the above it follows at once that 
[F]==[L].[rri. 

(ii) Acceleration. We have 5 = so that 

where [a] denotes the dimensions of the unit in which an acceleration 
may be expressed. Hence 

(iff) Momentum {I). We have 
J = mv, 

so that 

Zm'=: 

[/] = [jf][i][r]-i. 

(iv) Force (F). We have Ft == I. 

:.IF].[T]-=[MLT-^ 

(v) Work (W). W = F .s. 

iW] = [MLT-^]iL] 

= IMJLY[T]-K 

(vi) Power (H). Ht=W. 
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Some Applications of the Method of Dimensions.— 

(i) The Period of a Simple Pendulum. This may (iepen.d on 

(o) the mass, Ml, of the bob, 

(6) the length, i, of the string, 

(c) the acceleration, g, due to gravity. 

Let us suppose that f = /cMi*Z^pL where a, /5 and y are the ex- 
ponents of the dimensions,” and k is the constant. 

Equating like exponents, we have 

a=0, j3 + y ==0, 1 == -2y. 
y = _ J, jS = |. 




The constant k may be determined experimentally. _ 

(ii) TlieNatimlFreqiiencyin) of a Uniform Stretched Wire. This 
may depend on 

(a.) the mass. Ml, of the wire, 

(6) its length, I, 

(c) the stretching force, F. r . r 

If M'== KMi“i^F^, where a, jS, and y are the “ exponents of the 

dimensions,” and k is a constant. 

2y = 1, a + 7 = 0, ^ + 7 = 0. 

— h P = — h_y = h 

If ^ = mass per imit length, of the wire, m — pi, and 

• [cf.p.643] 


EXAMPLES II 

1*— A body, initially travelling with a velocity of 10 ft. sec,"^, is 
observed to be moving with a velocity of 13-1, 15*2, and 16*3 ft, sec." ^ 
at the end qf the 1st, 2nd, and 3rd seconds of its motion respectively. 
Determine the distance traversed. 

2. ^A train is travelling in a curve of 1 mile radius at a rat© of 

20 m,p.h. ; through what angle has it travelled in 16 secs. ? ^ 

do you understand by the term acceleration ? A particle 
an initial velocity of 14 ft. sec." After traversing 100 ft. its 
velocity is 19-5 ft. sec." L What is the acceleration, and how long 
has it been moving ? . 

**4.~~-A body starting from rest is observed to traverse 60 cm. m the 
8th second of its motion. What is the acceleration ? 

5, — ^A body is throvit upwards with a velocity of 153-2 ft. sec."^. 
What time elapses before it reaches the highest point in its motion ? 
How high does it rise ? 
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6. — Two buckets, each of mass 7-5 lb., are supported by a thin rop© 
over a smooth pulley and are at rest, A mass of 1 lb. is dropped from 
a height of 4 ft, into one of the buckets. Calculate the time which 
elapses before the system has moved through a vertical distance of 10 ft. 

7. — Es:plain what information may be obtained from a graph in 

which velocity is plotted against time. A train starting from rest 
accelerates uniformly until it has traversed IJ miles ; its speed then 
remains constant for the next 2^ miles when an application of the 
brakes produces a uniform retardation bringing it to rest after a 
further f mile. If the whole journey occupies 7| minutes find the 
maximum speed in rniles per hour. (L.S.O.) 

8. —A ball is tlirown at an angle of 45® to the horizontal so that at 

the top of its flight it enters a window 36 ft. above the thrower. Find 
the speed at which it was thrown and the distance of the wall contain- 
ing the window from the thrower. (L.S.C.) 

9. — "Distinguish between momentum and hinetio energy. Which is 

conservedduringa collision and what happens to the other t A bullet 
weighing 80 gm, and travelling at 600 metres. sec.~^ embeds itself in a 
suspended lump of wood weighing 7*47 kilograms. How far will this 
block have risen above its original position when it reaches the end 
of its swing ? If the length of the suspension is 50 cm. how far will 
the block have swung in a horizontal direction? [Take 1,000 
cm. sec.-®.] (L.S.O.) 

10. — ^A boy weighing 8 stone and riding a bicycle weighing 211b. 

rides up a hill with a gradient of 1 in 21 at 9 m.p.h. Assuming that 
friction is equivalent to a force of 2 lb, wt; resisting his motion up 
the hill, find how much work he is doing per second. (L.S.O.) 

11. —Two bodies initially at rest and of mass 10 gm. and 50 gm. 
respectively are each acted on by a force equal to the weight of 4 gm. 
Oompai'e the times for which these forces must be operative to produce 
(a) the same kinetic energy, (6) the same momentum. 

12. — Describe the variations of velocity and acceleration of a body 

moving with simple harmonic motion. If, in a simple harmonic 
motion, the amplitude of the displacement is 10 cm. and the period 
3 seconds, what are the maximum values of the velocity and the 
acceleration? (B.S.S.O.) 

13. — Define two units of force which are in common use. Calculate 
the force necessary to bring to rest a motor-car weighing 2 tons travel- 
ling at a speed of 30 m.p.h., in a distance of 20 yds. 

14. — Derive an expression for the period of a body moving with 
simple harmonic motion, in terms of its acceleration and displacement. 
A vertical U-tube of uniform cross-section contains mercury to a 
height of 20 cm. If the liquid on one side is depressed, and then 
released, the mercury oscillates up and down the two sides of the 
tube. Show that the motion is simple harmonic, and calculate its period. 

15. — Define potential energy and kinetic energy, and state the units 
in which each is measured. A block of wood weighing 500 gm. is 
allowed to fall down an inclined plane which makes an angle of 30® 
with the horizontal. After sliding a distance of 20 cm, from rest it 
is moving with a velocity of 50 cm. seo."'L How much energy has 
the block lost at this point ? What has become of the energy ? 

16. — Distinguish ‘between. knd kinetic energy. 

A simple pendulum I metres long has a bob of mass m gm. Derive 
expressions for the momentum and the kinetic energy of the bob at 
its lowest point, if the pendulum swings 30° from the vertical. 


CHAPTER III 

THE ELEMENTS OF STATICS 


In the previous chapter it has been shown that whenever a 
force acts on an object which is not fixed, then that body moves. 
If the body is to remain at rest it must be acted upon by an equal 
and opposite force or its equivalent. Under such conditions the 
body is said to be in equilibrium, and statics is that branch of 
physics which studies the properties of bodies in equilibrium. 
The bodies are supposed to be rigid, homogeneous and not too 
large, for otherwise the lines of action of all the gravitational 
forces acting on the individual parts of the body would not be 
parallel to one another and the problem of determining the line 
of action of the resultant of such a system of forces is, in general, 
not capable of solution. 

Just as a velocity can be represented by a straight line, so can 
a force be similarly represented, for this latter has magnitude, 
direction, and sense. 

Resultant of Two Non-Collinear Forces.— If OA and OB, 
Fig. 2*2, p. 20, represent two forces, Fj and Fg, the resultant, F, 
.is represented by the diagonal OC, since forces are vectors. Its 
magnitude is given by 

F2 == Fi2 + Fa^ + 2FiF, cos e, 
where 6 is the angle AOB, 

The Experimental Verification of the Law of Forces. — The 
experimental arrangement is shown in Fig. 3T. Three spring 
balances L, M, and N are supported on hooks, and joined together 
by means of three pieces of string knotted together at 0. The 
readings of the two balances M and N are observed, and these 
are a measure of the tensions in the strings. Immediately below 
the strings a piece of paper is attached to the board which supports 
the apparatus, and upon this paper straight lines are drawn 
parallel to the strings leading to M and N. Along these lines 
distances OA and OB respectively are marked off, their lengths 
being proportional to the readings of M and N respectively. The 
parallelogram OAOB is then completed, and the tension in L 
should be proportional to the length of 00 whilst the direc- 
tions OL and 00 should be paraUel. 

46 ■■ .■ 
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Now the reading of the spring balance L measures that force 
which prevents 0 from moving when acted npon by the forces 
in M and N, i.e. the force in Lis the equilibrant of these two other 



Fig. 3*1.— Verification of the Parallelogram Law of 
Forces. 


forces, whereas the resultant of the forces represented by OA 
and OB is represented by OC and is equal and opposite to the 
equilibrant. 


Fofsces. — ^When 
upon a rigid 


Parallel 

forces act upon a 
body the line of action 
of the resultant may be 
found very easily in the 
following wayi If OA 
and O'A' Pig. 3*2, repre- 
sent completely two par- 
allel forces acting on a 
rigid body, join 00' and 
at 0 and 0' insert two 
equal and opposite forces 
OB and O'B'. These will 
. not affect the equilibrium 
of the body. The two forces 
at 0 and 0' are combined 
according to the parallelo- 
gram law, and so we have 
their resultants 00 and O'G' 


two or more non-ool%iear parallel 



Fig. 3*2.— Graphical Determination of the 
Besnltant of two Parallel Forces, 


The lines of action of these two 
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0 


A 

Fig, 


3-3.— Moment of a Force. 


properties of matter 

resultants are produced backwards to meet at^L and are tbere 
rSo Ived into tLir components LM, LN, etc. Tbs step is justi- 
fied for a force can be represented by a line of smtabk length 
draTO from any point in its line of action. The four forces^ at 
L now give a rLStant LM + LM' paraUel to the hnes of action 
of fnd O'A', for the forces LN and LW nullify each other 
By^tdudng LM to cut 00' in 0". the point in_ 00 through 
wMcL the line of application of the resultant passes is determmed. 

pendicular from any point 0 upon 
ATS . Then E.OL is called the 
moment or torque of the force 
about 0. This moment is repre- 
sented graphically by twice the area 

of the A OAB, for E.OL is 
AB . OL which is twice the area of 
the triangle. 

Couples.— TVo equal unlike parallel forces which are not 
collinear constitute a couple, the moment of which is equal to the 
magnitude of one of the forces multiplied by the perpendicular 
distance between the lines of action of the forces. 

Centre of Gravity. — ^If a body is sufficiently small, its weight 
may be regarded as the resultant of the parallel forces acting on 
its constituent particles. It is found that for aU such bodies there 
is some point, not heoessarfly in the body, but which has a defi- 
uite position Mth regard to any point in the body t&en as reference, 
and through which the line of action of the resultant of aU these 
parallel forces passes irrespective of the actual position of the body. 
This point is caUed the centre of gravity [G.G.] of the body. 

The centre of gravity of any plane body, i.e. a lamina, such as a 

triangular sheet of metal of uniform thickness, may be found by 
suspending the body from any pouit and placing a plumb line 
immediately in front of the triangle and in such a position that 
it passes in front of the point of support. Under these condi- 
tions the plumb line indicates the line of action of the weight of 
the suspended body. This direction can then be marked on the 
triangle. The above procedure is repeated, the lamina being sup- 
ported from another point. The centre of gravity is then that 
point in a horizontal plane and at a distance one-half the thickness 
of the material below the point of intersection of the lines indicating 
two positions of the plumb line. 

The centre of gravity of a body such as a chair, or bhd-cage, 
is more difficult to find since it is not easy to mark the position 
of the plumb line which must invariably be used. It may be done, 
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howeyer, by attacMng small pieces of plasticine to the cage and 
fixing straws therein so that the extremities of the straws touch 
the plumb line. The extremities of the straws are then joined by 
a silk thread attached by means of glue, A second determination 
gives the position of the centre of gravity, for it will be the point 
at which the two silk threads intersect. 

Stable and Unstable Equilibrium.— Whenever a body is in 
statical equilibrium the resultant force upon it must be zero, but 
the nature of the equilibrium is not always the 
same. To illustrate these remarks let us con- 
sider the equilibrium of a sphere resting in 
turn on a concave, a convex, and a flat surface 
as shown in Fig. 34. Wlieh the sphere is 
given a slight displacement from its zero 
position on a concave surface it tends to 
return to this position as soon as the con- 
straining force is removed. The equilibrium is 
said to be stable. The equilibrium, however, 
when the sphere* rests on a convex surface is 
unstable, because if the sphere experiences 
even a very small displacement it never 
returns of its own accord to its former posi- 
tion. In the third case when the sphere rests on a flat surface 
the equilibrium is called because the body may be at 

rest at any point on the surface. 

Machines. — A machine is defined mathematically as a con- 
trivance for overcoming a resistance at one point by the appli- 
cation of a force, usually at some other point. If P is the force 

W . 

required to overcome a weight (or load) W, is called the 



Fto. S-4. — ^Types of 
Equilibrium. 


mechanical advantage of the machine. 

Another quantity often evaluated in connexion with a machine 
is its velocity ratio. This is defined as the ratio of the distance 
through which the point of application of the effort moves to the 
distance through which the point of application of the resistance 
or weight moves in the same time, i.e. 


,, distance through which F moves 
e oci y ra lo — through which W moves* 

If a machine is perfectly smooth and no energy is used in 
moving the component pa^s, the work done against W is equal 
to the work done by F, 

i.e. W X distance through which W moves 

= F X distance through which F moves. 
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W distance throngh which F moves 


UJia U6UXXV>W> V w - — > 

W “ distance through which W moves 
or the mechanical advantage of such a machme is equal to its 

velocity ratio. _ 

The Principle of Virtual Work.— Mechanical problems, ^peci- 
flllv those with simple machines, i.e. machmes without 

friction and in which no work is required to move the componen s, 
Sv by a principle to. pointed out by S™nb 

conneidon mtb pulleys. Ho notic^ pStey 

ma or W is raised by a cord passmg over a smgle taed puney, 
that the effort is equal to the weight and that the pomt of apphca- 
tion of the effort\escends through a vertical ^stance eqval to 
tS through which the weight is raised. In the f 

sinsle movable puUey, the effort is only one-half of the weight 
of the load raised, but its point of application moves through 
tLe the distance. Stevinus argued that this principle app^d 
to aU simple machines and wrote “Ut spatium 
patentis, sic potentia patentis ad potentiam . agentis a free 
translation of which is “What is gained power ^ “ 
speed.” A better statement of this prmciple is ths^t mechamcal 
advantage is #ilways gained at a proportionate dimmution in 

1717 Beenottlij:, an eminent mathematician, extended the 
above principle to ah cases of equiMbrium. He ^ 

if any number of forces acting on a body undergo lately smaU 
displacements consistent with the _ configuration of the system, 
then the total work done is zero, i.e. 

SB cos a. yds = 0 

where As is the displacement of the point of application of E, 
and « is the angle between F and As. The necessity for the 
placements to be infinitely smaU foUows at once from the iact 
that if they are finite the system may assume another confi^a- 
tion in which equilibrium is only maintained under comfrtions 
different from those for the given system. This prmciple, the so- 
called principle of virtual work, will be used in discussmg some 

of the problems which follow. 

Levers.— One of the simplest forms of machme is the lever, of 
which there are three classes according to the position of the 
point or fulcrum about which they turn. The three classes are 
shown in Fig. 3-5. In addition to the forces F and W there us 
the reaction at the fulcrum 0, and since there is equilibrium the 
reaction must be equal to the algebraic sum of F and W. In aU 
three instances when the levers are in equilibrium 
F.AG = W.B0. 
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Fia. 3-6. — Levers. 
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In the above it has been assumed that the weight of the levef 
is negligible. If the weight is Wj, and acts at 6, the condition 
for equilibrium in the first class is 

W . BC = Wi . GO + E . AC. 

Similar expressions are easily written down for the other two 
classes of lever. 

The Balance.— In principle the common balance is simply a 
lever of the first class, in which the two arms are equal, C, Fig. 3*6, 
which is an agate knife-edge, being the fulcrum. To 
friction this knife-edge 
rests upon an agate 
plate. Let W be the 
weight of the beam 
and its pointer let 
G be their centre of 
gravity and suppose 
that two nearly equal 
masses, the weights of 
which are F and Q, 
hang from the ex- 
tremities pf the arms 
which are of length a. 



Fig. 3-6. — ^Principle of tli© Balance. 


Let CG = b. Since the two masses are not 
exactly equal, it follows that the position of the beam of the balance, 
when the whole is in equilibrium, will be inclined at an angle 0 to 
the horizon. Take moments of forces about the fulcrum C. Then 
F . CM = W . CL + Q . OK 

But CM == CN =« a cos 0, and CL = GE = 5 sin 0. 

F . a cos 0 == W . 6 sin 0 + Q • cos 0 
sin 0 (E — Q)a 
cos 0 W . 6 . 

If a balance is to be classified as a good one, it must possess the 
following characteristics : — 

(a) Its indications must be reliable; i.e. the beam must be 
horizontal when equal masses are placed in the two pans. This 
is secured by making the arms exactly equal in length and mass ; 
the suspended pans must also be of equal mass. 

(6 ) The balance must be sensitive, i.e. a small difference between 
the two masses compared must cause an appreciable deviation of 
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the beam from its zero position, i.e. 0 must be relatively large. 
This is obtained by making W and 6 small. Hence the beaip must 
be long and light, and have its centre of gravity near to C. 

(c) A good balance must be stable, i.e. it must not suffer any 
change in shape, e.g. by bending of the beam, etc. For this reason 
the sensitivity cannot be increased indefinitely, for such a con- 
dition can only be attained by using a light beam, whereas the 
beam must be fairly massive if it is to be rigid. Evidently these 
conditions are at variance and, in practice, a compromise must be 
effected. 

{d) The period of swing should be short, so that “ weighings ” 
may be made rapidly — -unfortunately this implies a less sensitive 
balance, so that again a compromise is made. 

(e) The balance must 
be stable, i.e. when the 
balance is in equilibrium 
it must return to its zero 
position after being de- 
flected. 

(/) In addition the 
knife-edges (which are 
always fixed to the beam) 
should be parallel and lie 
in the same horizontal 
plane. This latter con- 
dition is essential if the 
sensitivity of the bal- 
ance is not to vary with 
the load in the pans. 
To establish this fact 
■ let us suppose that the knife-edges A and B, Fig. 3'7 (a), support- 
ing the scale pans lie in a plane below a horizontal one drawn 
through the central knife-edge C. 

When the mass in each pan is m, the condition for equilibrium 
is that 

mgr , AjC = mgr . BiO 

where Aj and Bi are the projections of A and B on the horizontal 
plane. 

If the beam suffers a small^ angular displacement, let Aa and Bg 
be the points in which vertical lines through the knife-edges intersect 
the horizontal line through 0— see Fig. 3*7 (6). Then AgC ^ OBg, 
and the moment of the forces tending to restore the beam to its 
original position is 

mgr . [BgC - AgO] + Ms? . GR 
where M is the mass of the beam. 



Fig. 3*7.- 


- Sensitivity of a wrongly designed 
Balance. 
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Since the above expression contains m it follows that the greater 
the magnitude of m, the greater is the moment of the forces tend- 
ing to restore the beam, i.e. a greater difference between the 
masses carried in the two pans will be required to produce a given 
deflection of the beam— in other words, the sensitivity of the 
balance decreases as the loads in the pans are increased. 

A Micro -Balance. — Small masses, such as drops of Kquid 
absorbed in bits of filter paper, or small quantities of powder, 
may be estimated by means of a micro-balance shown in Fig. 3*8. 
A light thread, H, has its extremities attached to the lower ends 
of a pair of nearly verti- 
cal rods 2 ft. apart, each of 
which is pivoted at a point 
just above its centre of 
gravity. Thus, a very light 
load suspended at the mid- ^ 
die of the thread causes a 
considerable depression of 
that point. The apparatus 
is calibrated by observing 
the depression for a known 
load. The contrivance can 
be constructed out of Mec- 
cano ’’ parts. The friction 
at the fulcrums A and B is 

reduced by using short glass 3*8.— A Micro-Baknce. 

tubes as the supports for 
the uprights. By making the uprights in two parts as shown 
and moving the upper portions C and D the sensitivity may 
be altered considerably. The “ pan ” of the balance consists 
of a small circular disc bent across one of its diameters so as to 
form a clip which can be suspended from the thread, as at E. 
Small objects can then be supported between the jaws of this 
clip. Such an instrument as this has many uses, especially in the 
study of bacteriology. It waa originally designed for use in Flan- 
ders, during the last war. 

The Single Movable Pulley.— In this very simple type of 
machine a string, fastened at one end to a beam, passes round a 
pulley, K, Fig. 3*9, carrying a load of weight W. The portions 
of the string passing round the movable pulley are parallel to one 
another. The effort, or force, F, necessary to raise the load, is 
applied at the free end of the string which, for convenience, may 
pass round a fixed pulley, L. To determine the force required 
to maintain W in eqxiilibrium a spring balance, S, is placed as 
indicated in the diagram. From observations made with such an 
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apparatus it is soon realized that, if friction and the jeight of the 
ply he neglected, the tension in the string, which is meas^ed 
by S, is one half the weight of W ; this means tha,t one haR the 
load is supported by the string attached to the beam ^ 
second half by the string passing round the fixed pulley—the free 
end of this string may he held in any convement direction, ihe 
fact that a movable pulley-wheel with parallel strings reduces ^ y 
one half the effort req,uired to raise an object is a prmciple whien 
may always he appUed to such pulleys when they are free to move. 

Of the various systems of 
pulleys with parallel strings, 
and the ways in which pul- 
leys may be combined to 
form a machine, only two will 
be considered ; they are 
showninFig.3'10 (o)and( 6 ). 



Fl«. 3-9. — A. Movable Pulley. 



Pio. 3-10.— Systems of Pu]le 3 rs. 


In the Archimedean or First System of Pulleys, Fig. 3-10 (a), 
a separate string passes round each pulley. If the load W ascends 
a distance x, then the string around Aj is shortened x cm. on each 
side, so that Aj moves 2x cm. Similaxly A 3 moves 2 x 2a; = 
2 % cm. and F descends 2 *a; cm. Now the work done on W is equal 
to the work done by F so that 

W.a: = F.2»a: or ^==2®. 

In the case of n movable pulleys the mechanical advantage, 

. W . 
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III the Second or Common System of Pulleys there is only 
one string and this passes round all the pulleys, its one end being 
fixed to the upper support, and the pull F ‘applied at the other 
extremity [see Eig. 3*10 (6)]. Since the string is continuous the 
tension in it is everywhere F if the mass of the frictionless pulleys 
is small, so that six forces, each equal to F, support the load W. 
W 

Hence = 6. When there are n strings supporting the lower block 

'■£ ■ 

the mechanical advantage is n. ^ 

In actual practice the pulleys in each block in the Common 
System are ail concentric so that 
the two blocks can be drawn 
nearer together. The great dis- 
advantage to these systems is that 
a long length of rope is required ; 
this is avoided in the differential 
pulley. 

Weston’s Differential Pulley. 

— In this system the rope is 
replaced by an endless chain, 
slip being prevented by depres- 
sions in the grooves of the pul- 
leys, and into these depressions 
fit the links of the chain. The 
system is represented in Fig. 3*11, 
in which the two pulleys of the 
upper block move as one round 
a common axis. The effort F is 
apphed as shown. If W is the load 
and T the tension in the string, 
the necessary condition for the 
equilibrium of the load is W = 2T, 
whilst, by taking moments of 
forces around 0, the relation 
F.R + T.r = T.Il 
is obtained. Hence 


F = T.. 


R 


I 


■W 


R 



Fig. 3*11.— Weston’s Differential 
Pulley. 


R ”'2'^ * R * 

The mechanical advantage, 

W . _ ^ 2R 

■=:, IS therefore — . 

F R — r ■ ■ 

The Inclined Plane .—When a body S, Fig. 3*12, rests on a 
smooth inclined plane it is acted upon by two forces, the weight 
of the body acting vertically downwards, and the reaction of the 
plane on tb.^ body which is normal to the surface. The body will 
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therefore move under the influence of the resultant of these forces 
unless it is constrained by some other force. ^ 

we shall study are when this third force, P, is parallel to the hne 
of greatest slope in the plane, or to the base of the_plane— see Fig. 
3-12 (a) and (6). To determine the magnitude of F in the former 
instance resolve the forces acting on S along the line of greatest 
slope, i.e. along AB, the length of the plane. This gives 


mg cos 


1 . 6 . 


(f-«) 

nag sin 0 


:F. 



Similarly, by resolving forces perpendicular to the plane, we get 
the normal reaction, N, of the plane on the body, viz., 

N = mg cos 0. 

In these equations it must be remembered that if m is expressed 
in pounds, F and N are in poundals. The more usual practice is 
to express the weight mg bb W Ib.-wt., when the above equations 

become W sin 0 = F etc. 

W. . ' 

where F and N are now measured in Ib.-wt. Since is the mechani- 
cal advantage of the system it follows that this is equal to coseo 0 
in this instance ; in the second it can be shown to be cot 0. 

The Screvr.— If a triangle PQE, Fig. 3-13, in which QPE is equal 


Q 



Fig. 3-13.— The_]Pxmcipfe T)f a Screw. ^ 

to 0, is consiructedrOutof thin paper or aluminium foil and ^^jSped 
round a right circular cylinder so that the base PR remaii)^^ a plane 
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perpendicular to the axis of the cylinder the trace of the hypotenuse 
on the surface of the cylinder is a spiral. Let LM he a line 
perpendicular to the base of the A PQB such that when the paper 
is round the cylinder the point M coincides with P, and L is 
vertically above P. Then, regarding the trace of the edge PQ as 

the thread of the screw, LM is the pitch of a screw. The QPR 
is called the angle of the screw and it is clear from the diagram that 

tan 0 = PM pitch of screw ~ circumference of cylinder. . 

Actual screws differ from this ideal screw in that they always have 
a protuberant thread of metal or wood, etc. This enables the screw 
to work in a nut, but of course introduces so much friction that the 
mechanical advantage of a screw which we now proceed to obtain is 
never, even approximately, realized. 

The Mechanical Advantage of a Screw.— Let us suppose that 
we have a perfectly smooth screw working in a perfectly smooth 
nut and that the screw is supporting a 
load of weight W, as in Fig. 3-14. Under 
these conditions the screw would re- 
volve and descend if the whole were in 
a vertical position unless some force 
P, which we assume to be in a hori- 
zontal plane, is applied to the end of 
the arm AB. To discover the connec- 
tion between F and W let us apply the 
principle of work which states that when 
a frictionless machine does work, the 
work done by the applied force is equal 
to that done by the load. In the pre- 
sent instance when the arm AB has 
made one complete revolution the 
point of application of F has moved 
through a distance 2nr where r is the 
distance of B from the axis of the screw. 

Under the same circumstances the work done by the load against 
gravity is W^, where pis the pitch of the screw. According to the 

yy 

principle just cited, Wp == 2jrrP, so that ^ 

Weighing Machines. — The mass of a heavy load may be ascer- 
tained with the aid of a weighing machine the principle of which 
is indicated in Fig. 3*15. It consists of three levers ACD, EK, and 
LR respectively. The platform upon which the load is placed is 
attached to the lever EK, whilst the end I) of the first lever carries 
a scale-pan. The fulcrum for the lever EK is not fixed but is 
attached to the lever LR moving about a fixed fulcrum R. If a load 



Fio. 3*14. — ^Mechanical Ad- 
vantage of a Screw. 
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of mass M, and therefore weight Mg-, is placed on the pbtform^e may 
regard its weight as being' distributed at the_ points^ E and K. The 
actual distribution wiU depend upon the position of JJ® 

platform, but let us suppose that there is a load mgr at K. ^ , 
load at E is (M - m)^. The load mgr at K can be replaced by a load 
main at L if LR = « . KR. Now the load at L may be considered 
to be acting at A, and may therefore be replaced by a load w times 



as large at B if AC = w . BC, i.e. the equivalent load at B would be 
mq. But the load at E may be replaced by an equal one at B so that 
the total load at B is now Mgr, and this is independent of the actual 
position of the object on the platform. To measure this load at A 
the length of the lever CD may be made 10 or 100 times that of AC. 
When this is done the mass N of the load on the scale-pan is the 
corresponding fraction of the mass M. 

The Common or Roman Steelyard.— -This is another machine 
for determining the mass of a heavy load, and consists- of a long non- 



uniform rod, AB, Pig, 3‘16, movable about a fixed fulcrum, C, situated 
a little to the left of G, the centre of gravity of the bar. A hook, or 
scale-pan, hung from E, is used to carry the load of mass M, whilst D 
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is a bob of mass m movable along AC. The point at which D must 
be placed to maintain the steelyard in a horizontal position enables 
one to determine the mass of the load M. 

To calibrate the steelyard let Pq be the position of B when the 
load is zero ; this point is given by the equation 
m.PoC = /i .CG 

where is the mass of the steelyard. [All masses are expressed in 
stones, where 1 stone = 14 lb.] When the load in the scale-pan is 
1 stone let D be at Pj. The position of Pj is determined by 
m.PiC=./^ .CG+ (1 X EC). 

Subtracting the first equation from this we have 
m .PoPi = l x EO. 

Similarly, when the load is 2 stones the position of B is given by 
m. P 0 P 2 = 2 X EC. 

We see therefore that this instrument may be graduated by engrav- 
ing marks upon the '‘bar such that their common distance apart is 
equal to EC/m, the zero division being at Pq as defined above. 

The Banish Steelyard.— This consists of a bar, AB, Fig. 3-17, 
termi n ating in a sphere at B, The other extremity of the bar carries 
a scale-pan to receive the 
load whose mass is re- 
quired, The pan is fixed, 
so that the mass of the 
load is determined by 
observing the point in 
the rod about which it 
balances. To graduate 
the steelyard let m be the Fig. 17.— Banish, steelyard, 

mass of the whole includ- 
ing the pan, and let G be the centre of gravity. If C is the fulcrum 
when the load in the pan has a mass M, by taking moments of 
forces about C we have . 

Mg . AO = mg . GO === mg . (AG - AC). 

Therefore AC — — .AG. 

M -f m 

This equation indicates that to graduate the steelyard it should 
first be balanced about its centre of gravity, i.e. 6 is found. Let us 
further assume that the mass m is 1 stone. The middle point of AG 
is the fulcrum when the load in the pan is 1 stone. Similarly, when 
the load is increased to 2 stones the fulcrum must be at a' distance 
J AG if the whole is in equilibrium. We therefore s^e that if the 
load is n stones the point of balance must be such that 

AC = -4-tAG. 

w + 1 
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Friction. — Hitherto it has been supposed that the surfaces of 
bodies in contact have been perfectly smooth, so that the reaction 
of one on the other was always directed along the common normal 
to the surfaces at the point of contact. In practice this condition 
is only satisfied if there is no tendency for relative motion between 
the surfaces: when there is such a tendency, forces are called into 
play and oppose the motion. These forces are due to friction 
between the surfaces in contact. 

The Laws of Static Friction.— The effects of friction were 
investigated experimentally by Coulomb in the following manner. 
A, Fig. 3-18 (a), is a board resting on a horizontal table. B is 
a slider which could be suitably weighted in order to vary the 



thrust between the surfaces of A and B in contact. Attached to 
the slider is a cord passing over a pulley D and carrying a scale- 
pan, S, 

When there is no pull in the cord, the thrust of the board A 
upwards on the slider balances the weight of th^ latter and the 
system is at rest. When S is loaded there is a pull exerted in 
the string, hut, provided that this is lower than a certain limit, 
no motion ensues. Forces exactly balancing the tension in tbe 
cord have been brought into play and resist the motion. 
are the frictional forces* It is found that up to a certain limit, 
in any given instance, just enough friction is called into play to 
prevent motion. If the pulling ceases, the forces due to friction 
also cease, for if they did not the body would move. Friction is 
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a seK-adjusting force, no more friction is called into play than 
is necessary to prevent motion. The amount of friction /which 
may be exerted between two surfaces in contact is not, however, 
unlimited, for if the pull in the string is increased gradually a 
stage is finally reached when the body just begins to move ; the 
friction is said to have reached its limiting value, and if the pull 
is further increased the slider is accelerated. 

From experiments carried out on the lines suggested above. 
Coulomb established the following facts : — 

(i) The limiting frictional force, or limiting friction, is directly 
proportional to the normal thrust between the surfaces in contact, 
when the materials and .nature of the sxirfaces remain unaltered. 

(ii) The limiting friction is independent of the area of contact 
between the surfaces so long as the thrust between them is un- 
changed. 

(iii) If F is the limiting value of the friction and N" the normal 

F 

reaction between two given surfaces, then the ratio ^ is a con- 
stant. It is denoted by jli, and is termed the coefficient of 
limiting friction, or the coefficient of static friction. Hence 

:■ 

When the above slider is just about to move^the forces acting 
on it are as shown in Fig. 3*18 (6), where R is the resultant of 
the normal reaction N and the friction F. The reaction R is 
inclined at an angle 6 to the vertical, given by 0 = tan^i/i. This 
angle is called the angle of friction. 

Experimental Determination of the Coefficient of Static 
Friction. — ^If the surface of the body under examination is flat, 
the coefficient of friction may be found as follows : The body is 
placed on a flat surface, AB, Fig. 3*19, pivoted about a horizontal 
joint at A, The other end, B, is attached to a bucket, C, into 
which lead shot may he poured to increase the tilt of the surface. 
Eventually a stage is reached when the body is just on the point 
of moving down the plane. Let d he the inclination of the plane 
at this moment. The force acting down the plane is then 
M^.sinfi which is equal and opposite to the frictional force, F, 
acting on the body. The normal reaction, N, the value for which 
is obtained by resolving forces in a direction normal to the plane, 
is Mgf cos 0. We" therefore have 

:^, == ~ ss.tan u. 

The value of 0 given by this equation is called the angle of 
repose, v/: . 

Kinetic Friction.^ — ^When slipping occurs between two bodies 
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contact a Motional force continues to oppose the motion but, 
general, the magnitude of this force is less than the MctionaJ 
force existing just before sUpping occurs. Experiment shows tha 
as long as the motion is not too. great, the Motional force 1 
directly proportional to the normal reaction between the surfaces 
and is independent of the velocity, i.e. 

where v is the coefficient of kinetic Motion. ,, u- i. 

Suppose that a body of mass m rests on a horizontal table which 
is not smooth. Then N = mg, and P' = vmg when the^body is 
moving. Suppose Pi is the force applied to the body. Smoe P i 
and P' act in contrary senses, on a body of mass m, its acceleration 
a is given by p 

p —W =:ma, or a =—^ — vg. 

* m 

p, 

In the absence of Motion the acceleration would have been , 

so that the effect of Motion is to reduce the acceleration.^ 

K the body is in motion and Pi < vmg, a will be negative and 
the body will be brought to rest. To start the motion again a 
force greater than vmg will be required ^it will be fxmg. 

Perry’s Apparatus for determining the Coefficient of IQnetic 
Friction. — ^The essential parts of this apparatus are shown m ing. 6-j^ 
(a) and (6). A is a heavy wheel capable of rotation about a vertical axis. 



A 


1 




(b) 





Wg 


Fm. 3-20.“Perry’s Apparatus for determining the Coefficient of Kinetic 
Friction between two Surfaces. 

C Ce- is a lever carrying a scale pan, Si, and having its folcrum 
on the vertical axis Cfiz* When the pan is loaded, as indicated, a 
thrust is exerted by the lever on a block, H— the surface of this block 
in contact with the wheel is jftat. Attached to this block is a pan, 82“^ 
the a.ttachinent is mad© by a cord passing over a pulley. The coefficient 
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of kinetic Motion to be determined is that appropriate to the surface 
of H and that of the rotating wheel. When the system is stationary, 
H rests against a stop, Gi. The wheel is rotated so that H remains 
about half-way between the stops Gj and G^ — ^it is said to be in “ float- 
ing equilibriinn.” This condition is obtained by varying the load in 
Sg. Under these conditions the Motion is equal to m^, the weight of 
the pan Sg and its load. The normal reaction between the surfaces 

in contact is where M is the mass of ^ and ^ the load in it. 

[We neglect the mass of the lever.] 

. ^ . mb 
V — coeflicient of kinetic Motion — ttv * -. 

M a 

Example, A body of mass 4 lb., hanging freely over the edge of a 
rough table, is connected by means of a light string passing over a 
smooth pulley at the edge, to a body of mass 2 lb. resting on the table. 
This is pulled 2 ft. along the table in 0*5 sec. from rest. What is the 
coefficient of friction? 

Let P poundals be the friction ; T poundals the tension in the cord. 
Then the resultant force pulhng the 2 lb, mass is T — F, so that its 
acceleration is given by 

T-P = 2a. 

Using 8 = we have a = 16 ft. sec.*”* 

/. T — P = 32 poundals. 

Considering the 4 lb. mass, the resultant downward force acting on 

^ 128 - T = 4 X 16. 

F = 32 poundals = 1 Ib.-wt. 

p ^ 

0 * 6 . 

The Friction Dynamometer. — The principle of this instrument, 
which is an application of the 
frictional forces existing be- 
tween surfaces in contact to 
measure the rate at which 
work is done, is as follows : A 
large pulley wheel of radius 
Pig, 3*21, is rigidly fixed to the 
axle of the engine under test. 

A flexible belt having wooden 
blocks on its under side is 
placed over the^^outer rim of 
the wheel. One end of this 
belt carries a bucket W into 
which lead shot can be poured 
to increase its mass. The 
other end is fixed to a spiral 
spring attached to some rigid 
support [the floor]. Let Tg be 
the outer radius of the belt. Suppose that the shaft makes n revolu- 
tions per second when the condition of ‘■ floating equilibrium ” has 



CX.B.— The arrow on the fi indicates that 
is the radius of the outer surface of the wheel.] 


been obtained ; let W be the weight of the bucket and its con- 
tents, while S is the reading on the spring balance. The moment 
about the axis of the shaft of the forces due to the weight W 

and the tension in the spring is (W ■— S) 

be balanced by the moment of the frictional forces F about 
the same axis, viz. Fri. 'Now the distance through which the 
edge of the wheel moves against F is 1^2- everj?^ second, so that 
the work done per second in overcoming friction is 1 . F. 
Eliminating F from this equation we find that the work done 
per second is nn + ^2) (W — S ). This is the power of the 
engine, since it is the rate at which work is being done. 
Rolling, Friction. — ^To fix our ideas let us consider an engine 
wheel moving along a rail. There is never only contact at a point 
dr even along a line normal to the rail, but always over a smface 
due to the elastic deformation of the bodies. Thus there is a 
small sliding motion of those parts of the surface in contact. 
There is thus brought into existence a frictional torque retarding 
the motion. 


EXAMPLES III 

1. — A force of 7 lb. wt. acts on a mass of 29 lb. for 6 sac. How 
far has the body moved from rest ? What is its final momentum ? 

2. — Find the resultant of two forces, 6 and 8 lb. wt. respectively, 
acting on a body with an angle of 671-° between them. If this resultant 
acts on a mass of 1 cwt,, determine the acceleration. Construct the 
velocity-time curve for the first 4 secs, of its motion. 

3. — Enunciate the theorem known as the parallelogram of forces, 
and describe an experimental arrangement whereby this law may be 
verified. 

4. — A circular disc has a radius of 10 cm. At a point 7 cm. from 
its centre a circular hole 4 cm. in diameter is punched. Calculate the 
position of the centre of gravity of the remaining metal. 

6, — ^A uniform beam IS ft. long, whose mass is 1 cwt., is inclined at 
60® to the vertical. It is held in position by means of a horizontal 
cord 13*8 ft. from its lower extremity. Calculate the tension in the cord. 

6 . -— What force is required to raise a load of 2 cwi|. by means of the 
second system of pulleys if there are 4 pulleys in the lower block ? 
A siimlar load is also raised by means of Weston’s difierential pulley 
in wiiich R == 1 ft. and r 5 = 11 in. Compare the mechanical advantages 
in the two systems. 

7. — -Describe a balance, indicating the features which a good balance 

should possess. h 

8. — body requires 20*6 I gm. to hold it in equilibrium when placed 
in one pan of a balance, and 20*73 gm. when placed in the other. 
Calculate its true mass. 

9. — Two masses, 5 and 12 lb. respectively, are attached to the ends 
of a uniform rod 6 ft. long, mass 3 lb. Where must a 204b. mass be 


This must 
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placed so that; the whole will balance about a point 2 ft. 6 in. from the 
. 5-ib. mass ? 

10. — A mass of 10 gm. placed at the 97 cm. division on a uniform 
metre scale causes the whole to balance when the fulcrum is at the 
55-3 cm. division. Calculate the mass of the scale. 

11. — Two forces, 3*6 and 5*8 lb. wt. respectively, have a resultant 
equal to 8*1 lb. wt. What is the angle between the forces ? Check 
by a graphical method. 

12. — Derive an expression for the time of oscillation of a simple 
pendulum. Explain how the intensity of gravity may be determined 
by means of such a pendulum. 

13. — A uniform board ABC in the form of an equilateral triangle 

of 12 in. side weighs 3 lb. and has weights of 4 lb. and 5 lb. hanging 
from A and B respectively. Find a point from whihh the board may 
be suspended so that it sets in a vertical plane with AB horizontal 
and C pointing down. Is there more than one such point ? (L.S.C.) 

14. — Explain, giving diagrams of the forces acting in each case, 
(a) how it is possible to sail a boat against the wind, (b) why the nose 
of a racing motor-boat rises out of the water, (c) why a railway ticket- 
collector leans baclvwards when alighting from a moving train. 

15. — How would you compare accurately (a) the length of a standard 
yard with that of a standard metre, (6) the period of torsional oscillations 
of a horizontal rod suspended by a fine wire with that of a seconds 
pendulum ? 

16. ^ — A uniform cylinder of height h and radius r rests with its plane 
base on a rough inclined plane. The angle of inclination of the plane 
may be increased gradually from zero. Show that the cylinder will 
topple over before it slides if 2r/h i& less than the tangent of the angle 
of friction. 

17. — ^What is the radius of the sharpest bend which may be turned 
without skidding by a motor-car travelling at 30 m.p.h. on a level 
road if the coefficient of friction is 0-7. 

18. — A body slides from rest down a rough plane in 5 sec. If the 
coefficient of friction is 0*42, and the inclination of the plane 25°, 
what is the length of the plane ? 

19. — ^The distance between the scale-pan knife-edges in a balance 
is 30 cm. The central knife-edge is at a perpendicular distance of 
1 cm. above the middle point of the line joining the scale-pan knife- 
edges. The centre of gravity of the beam is 2 cm. below the central 
knife-edge. The mass of the beam is 850 gm. ; that of each scale-pan 
fOO gm. Find the deflection of the beam when masses of 60 and 
61 gm. are placed in .the pans. 

20. — Explain the construction of a good beam-balance, pointing 
out the factors which determine (a) its accuracy, (6) its sensitiveness. 

How could you find the mass of a body if you had to use a balance 
which was not true ? 


CHAPTER IV 


THE ELEMENTS OF HYDROSTATICS 


Density and Specific Gravity, — The density of a substance is 
defined as the mass of the substance per unit volunie. A priori 
this statement calls for little comment, for whether 1 cm,® or 1000 
cm.® are used in the experimental determination the same value 
for the density is obtained within the limits of experimental error. 
If, however, one adopts the modern view tha»t all substances consist 
of molecules or atoms which are not in contact with one another, 
and which do not fill the whole of available space, some further 
remarks are necessary. Suppose that some imaginary being is free 
to move in and out amongst the molecules ; his idea of the density 
of the medium will be very different from ours, for the particular 
volume which he chooses may contain many or a few such molecules, 
or even none at aU. These statements are made here to show the 
^udent that some of om* most commonplace ideas, i.e. ideas gained 
ffom a macroscopic view of things, are very different when the 
structure of matter is considered microscopically. 

The idea of density is frequently confused -with that of specific 
gravity, which is defined as the ratio of the mass of a given substance 
to that of an equal volume of water at the same temperature, 
bmce this value m a, ratio it is independent of the system of units * 
used m the experimental determination, whereas the densitv, being 
^inass per unit volume, must always be expressed in gm. cm-^ or 
lb. etc. 


Fluids.— Solids are those substances which offer a considerable 
resistance to any force endeavouring to change their size or shape. 
On the other hand fluids, such as alcohol or nitrogen, cannot offer 
any permanent resistance to impressed forces tending to alter their 
shape. The fluid is used to include both Uqmds mA gases, 
the fundamental difference between liquids and gases being that 
the latter always occupy the whole of the space which is available, 
whereas liquids are always characterized by the presence of a free 
^ace T^ free surface is horizontal for such masses of liquid 
re ound m pools, etc., but becomes curved when the mass of 
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liq^uid is larger, as in the case of a sea ; in both instances the surface 
is everywhere perpendicular to the earth's radius at that point, 
but it is only in the second that the curvature can be detected easily. 
The thrust on any solid surface in contact with a fluid at rest 
is everywhere normal, i.e. perpendicular to the surface. If this 
Were not so the thrust could be resolved into forces perpendicular 
and parallel to the surface, and this parallel force would cause motion 
of the body. 

Pressure.— Whenever a force, F, is applied to an area, so 
that it is distributed equally and acts normally to the surface, 

' F 

then the force per unit area is termed the pressure on that 

area. If the force is not distributed equally we may determine 
the pressure at any point on that area by constructing a small 
area round the said point. If /IF is the force acting on such a 



small area Zl5, then when zls is sufficiently small we may con- 
sider the force to be distributed uniformly over As, so that the 

/IF* dF 

pressure is 2 ^; in the limit this becomes [In the C.6.S. 

system the absolute unit of pressure is one dyne, cm.""^ ; in the 
F.P.S. system it is one poundal ft"” 2 . The corresponding gravi- 
tational units are the gm.-wt. cmr^, and the Ib.-wt. in. “2.] 


To Show that the Pressure at a Point in a Fluid at rest 
is the same in all directions. — Consider any point in the fluids 
and suppose that a wedge in the form of a triangular prism of 
arbitrary section ABC, Fig. 4*1 (6), surrounds the point. Then 
the fluid inside the wedge is in equilibrium under the action of 

(i) its weight acting vertically downwards, 

(ii) the thrusts on its faces. 

If the wedge is very small the weight of the fluid in it, depending 
on the product of three small quantities, is negligible in comparison 
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with the forces acting on the sides> each of which depends on 
the product of two small quantities. Now the forces acting 
normally on the two ends of the prism are equal and opposite so 
that they may be omitted in the problem before us. Let the forces 
acting normally on the three other faces beZlFj, ZIF 2 , and ZlEgi 
these must be in equilibrium since the fluid is at rest. K the 
angles of the section are a, and y, the angles between the lines 
of action of the forces are (tt — a), (ji: — /S), and (jr — y) respec- 
tively— see Fig. 4*1 (c). Then 

ZIF, ^ zlFg ^ JFg 
sin (n — a) sin {n — /?) sin {% — y) 

T 3 ^ sin a sin^_ sin y [<x, 6 , and care the 

sides of^ 

. zIF, zIF. _ JFg 
" a .Zlo; 6 .Zla; ~ c .Ax' 

where Zlcc is the length of the wedge, i.e. the pressures over the 
faces of the prism are equal. 

Pressure at a Point in a Fluid. — ^To determine the pressure 
at a point distant h below the free surface of a liquid which is at 
rest, and whose density is p, we imagine a small horizontal area s 
drawn round P and consider the liquid contained in the right cylinder 
having this area as its base — see Fig. 4*1 (a). This cylinder of 
liquid is in equilibrium xmder (a) the upthrust on the base, ( 6 ) its 
own weight, (c) the thrusts due to the pressure of the surrounding 
liquid on its sides. Since these are everywhere normal to the 
surface they have no vertical component, so that for equilibrium 
the weight, W, of the cylinder of liquid must be equal to the 
upthrust on the base. 

Now, using the C.G.S. system of units, 

W (dynes) = weight of a column of liquid of height (cm.), and 

cross-sectional area 5 (cm.^), 

— mass of this column x g, the acceleration due to 

gravity, 

— [volume of this liquid, t?, (cm.^) X its density, p, 

(gm. om.““ 8 )] X g, 

= {s'hp)g (dynes) 

Hence, F, the total thrust on the area s is {sJip)g (djnQs). The 
pressure P at any point in the base is therefore given by 

.. F - 

P = — (gpJi) (dynes, cm. ”2) 
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From the above we see that the pressures at two points in the 
same horizontal plane in a liquid at rest must be equal. This may 
be shown by cutting a piece of brass tubing at right angles to its 
axis and arranging the two new ends thus formed in the same 
horizontal plane. To facilitate this adjustment a fiat sheet of 
metal and a spirit level may be used. A beaker , containing liquid 
is then placed so that the ends of the brass tubes are immersed. 
When the liquid is at rest the ends of the tubes must be at the 
same depth below its surface. If the two tubes are connected 
together by means of a T-piece and rubber tubing, bubbles of gas 
appear from the two ends at the same time when pressure is applied 
to the open end of the T -piece. In carrying out this experiment 
narrow tubes must not be used since other forces become appreciable 
80 that the simplicity of the experiment is lost : the reason for 
this wiU be noticed later [cf. p. 117], 

Archimedes’ Principle. — ^When a body is immersed either 
wholly or partly in a fiuid at rest, it displaces a volume of fluid 
equal to that of the immersed portion, and experiences an upthrust 
due to the liquid displaced ; the magnitude 
of this upthrust is equal to the weight of the 
displaced fluid. Let A, Fig. 4*2, be such a 
body. If the body is supposed to have been 
removed, and the space it occupied filled 
with some of the fluid, the forces arising 
from the superincumbent fluid are unaltered. 

Now the resultant of these forces just balances 
the gravitational force acting on this mass 
of the fluid, viz. its weight — ^the above resultant must act vertically 
upwards. When the body was in the fluid these forces were still 
existent and must therefore have reduced the effect of the earth's 
attraction on the body, i.e. its weight was apparently diminished 
by an amount equal to the weight of fluid displaced. If the 
body A were suspended from a balance this apparent loss in weight 
would be detected as an apparent loss in mass. 

Experimental Verification of Archimedes’ Principle. — The 
apparatus commonly employed to demonstrate the truth of the 
above principle is showil in Fig. 4*3. It consists of two cylinders'* 
A and E which are of such dimensions that the solid cylinder B just 
slides into A and fills it completely. When in this position the 
whole is suspended from the arm of a balance and the balance 
equilibrated, [sand may be used]. B is then withdrawn and 
suspended in a beaker containing liquid from below A with the 
aid of the hooks provided. The equilibrium of the balance is 
thereby destroyed, but it may be restored by poxmng some of the 
same liquid into A as that in which B is immersed. Equilibrium 
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Fig. 4*3. — Apparatus 
to verify Archi- 
medes* Principle. 


will be established when A is completely filled with liquid. This 
verifies that the upthrust on B when this is 
completely immersed in a liquid is equal to 
the weight of the liquid displaced by B. 

The experiment should also be repeated 
when B is a closed hollow cylinder such that 
it floats in the liquid. The procedure is 
exactly as above except that a piece of lead 
sufficient to cause the cylinder to sink is 
suspended from A and immersed in the 
liquid throughout the whole time that the 
experiment is being performed. 

In order to vary this second part of the 
experiment the cylinder B is made of iron 
and mercury is the liquid used. A piece 
of tungsten, density 184 gm. cm."®, will 
be required to sink the iron. Brass or 
copper must not be employed in place of 
iron since these metals form amalgams 
with mercury. 

The Principle of Flotation,-— -If the forces acting on a partly 
submerged body exactly balance the weight of the body, then that 
body floats. But it has been seen above, that the resultant of 
these forces is equal to the weight of the liquid displaced, so that 
for a floating body it may be said that the weight of the liquid 
displaced is equal to the weight of the body. 

Experimental Methods for the Determination of Density, 
—(a) The density of a solid substance insoluble in water can be 
found by determining its mass in air and then in water. The 
apparent loss in mass of the solid is equal to the mass of the water 
displaced, and since 1 cm.® of water has a mass of 1 gm. the volume 
of water displaced and hence the volume of the solid are known. 
For accurate work account must be taken of the fact that it is 
only when the temperature of the water is 4® C. and the external 
pressure 1 atmosphere that 1 cm.® of water has a mass of 1 gm. 
If an experiment were made at 20° 0. how could the volume of 
the solid be found f From tables it is known that the density 
of water at 20° 0. is 0*998 gm. cm*"®. Suppose that the apparent 
loss in mass of the submerged body is 13*61 gm. Then the volume 
is equal to the mass divided by the density, viz. 

(b) If the body floats in water it must be caused to. sink by using 
a heavy piece of metal called a sinker. Let W i be the mass of the 
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body in air, the mass of the body in air plus the sinker in 
water, and mg the mass when both are suspended together in 
water. Now 

mg = mi 4- apparent mass of sinker in water, 

= mi + mass of sinker in air •— mass of water displaced by 
sinker, and 

mg = apparent mass of both in water, 

== mi — mass of water displaced by the solid + mass of, sinker 
in air — mass of water displaced by sinker, 

= mg — mass of water displaced by solid. 

mg — mg = mass of water displaced by the solid. 

If p is the density of water at the temperature of the experiment, 
the volume of the water displaced is 

/ mg — ma \ ^ 

\ P / 

this is the volume of the solid. The density of the solid is therefore 

^ip 

(mg — mg) 

(c) The density or specific gravity bottle is a small glass con- 
tainer fitted with a ground glass stopper. A capillary hole in this 
stopper permits an excess of liquid to be removed and at the same 
time ensures a constant volume for the bottle. It is filled with the 
liquid and then cleaned and filled with distilled water, the mass of 
liquid in each instance being determined. The specific gravity of 
the fiuid is the ratio of these masses ; the density is easily calculated 
at any temperature as in {a). In using the bottle care must be 
taken to see that no air bubbles remain clinging to the sides of the 
bottle, and that the bottle has been completely filled at the same 
temperature in both instances. 

The use of the density bottle for the determination of the density 
of a solid soluble in water is best illustrated by means of an example. 

Mass of bottle — 10-06 gm. 

„ „ „ + copper sulphate =16*92 „ 

„ ,, „ -h copper sulphate and 

turpentine to fill =57*81 „ 

ff 99 99 + turpentine to fill = 53*56 „ 

» 99 99 -h water to fill =60*16 „ 

Hence mass of solid used . . . = 6*86 gm. 

„ „ turpentine, the volume of ^ 

which is equal to that 
of the sulphate . = 2*61 „ 

„ „ turpentine. to fill bottle . = 43*50 „ 

„ „ water to fill bottle . = 50*10„ 

density of turpentine = ~ 0*868 gm, cm."®, if the 

density of water is 1 gm. cm,"*. 
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Volume of copper sulphate = volume of turpentine whose mass is 
2-61 

6-86 


0*868 

Density of copper sulphate 


3*01 


= 2*28 gm. cm.' 


(d) If the liquid whose density is required is only available in 
small quantities then its* density may be found as follows A 
uniform glass capillary tube of suitable diameter (say 1 mm.) is 
selecte^d, cleaned, dried, and its mass determined. A long length 
of mercury is placed in the tube, preferably by attaching a small 
piece of rubber to the tube, placing a bubble of mercury in the 
rubber and applying pressure at the open end of the rubber tube. 
This operation has a ffltering action upon the mercury and enables 
the mercmy to be introduced without undue contamination of the 
tube which is the result if suction is applied by the mouth. The 
mass of the mercury is determined. The tube is then filled with 
liquid and its mass found. In either case it is necessary to measure 
the length of the fluid in the tube. If very accurate results are 
required corrections to this length must be made owing to the exist- 
ence of curved surfaces at the ends of the column. As a first 
approximation one adds (or subtracts) a length equal to two-thirds 
the diameter ^ of the tube, if the lengths have been measured as the 
distances between the extreme points at which the mercury (or liquid) 
is in contact with the glass. From the mass m, and corrected length 
I, of the mercury the mean radius of the tube is found, for if p is the 
density of the mercuiy at the temperature of the experiment, the 

volume of mercury is — and this equals so that 

If r is small, m will also be small. It is then better to introduce in 
tui*n several pellets of mercury, measure the length of each, and 
determine theii* total mass, S(m), say. If 2(i) is the total length 
of all the pellets, 

. r= . / 

If L is the length of mass M of the liquid having a density B, 

or D = where r is now known. 

In the above it was stated that the tube should be uniform in 
cross-section. This is only essential if the lengths of the mercury 

^ An approximate value of the diameter is obtained by finding a wire 
which will fit the tube and measuring its diameter with a screw gauge. 
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pellet and the column of liquid introduced are not equal, but a 
non-imiform tub© may be used if the lengths of mercury and 
liquid columns are equal, for the tube may then be used as a 
density bottle of known volume. 

Tile Internal Radii of Tubes. — The last paragraph has shown 
us how the internal radius of I. narrow tube may be found, but the 
same method cannot be extended to wider tubes since the mercury 
would not fill the entire cross-section of the tube. We therefore 
proceed as follows A cork is inserted at one end of the tube and 
a little water (or mercury, if greater precision is desired) added so 
that when the tube is vertical the surface of the water is at some 
fiducial mark A. The mass of the whole is foxmd. More water, is 
then introduced until the level is at a second fiducial mark B. 
The mass is again determined and from the observations the volume 
of the tube between the marks A and B deduced. By proceeding in 
this way any errors due to the shape of the cork are avoided. If 
the length AB is known, the radius of the tube can be calculated. 
This same method may be used to find the radius of a test-tube. 
It should be noticed that this method, like the one above, only 
determines the mean radius of the tube. 

Hydrometers. — Two of the usual forms of hydrometer, which is 
an instrument used to determine 
the density of liquids or solids, 
are shown in Pig. 4-4 ; the fii'st 
consists of a bulb A, at the lower 
extremity of which there is a small 
bulb B, containing mercury or lead 
shot. The neck between A and B 
is solid so that the mercury cannot 
be displaced. In the pattern 
shown here the bulb B is part of a 
mercury thermometer the scale of 
which is placed inside A. This 
enables the temperature of the 
liquid to be observed without 
using a second thermometer. To 
the other extremity of A there is 
attached adong narrow tube wiiieh 
carries the seal© of the instrument. 

The scale numbers generally refer to 
density, and the scale is so situated 
that the number at the point where Fic. 44. 

the stem emerges from the fluid in i<^) A Common Hydrometer, 
which the hydrometer is immersed ^ 

gives the density of the fluid. (c) Bates’ Sacchai-ometer, 
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The Equilibrium of a Floating Hydrometer (Elementary 
Theory).— Let us assume that the hydrometer is designed for use 
with liquids whose densities are greater than that of water. Let 
W, Fig. 4*4 (6), be the zero mark. 

Let m “ mass of hydrometer. 

V == volume of the hydrometer up to its zero mark, 

^ ==5 volume per unit length of the stem. 

Then mg is the weight of the hydrometer, and this is the gravi- 
tational force pulling it downwards. Suppose that when the 
instrument floats in a liquid of density p the increase in length 
of the emergent part of the stem is n. Since the total volume of 
liquid displaced is (V — nv), the upthrust of the liquid on the 
hydrometer is (V — nv)pg. For equilibrium 

mg ==: (V -- m)pg 
or m==(y — nv)p. 

The Graduation of a Common Hydrometer.— To calibrate 
this instrument, assuming that the stem is uniform in cross-section, 
one may proceed as follows. Suppose that W is the mark to 
which the instrument sinks when it is floated in water of density 
1 gm. cm.'”^ ; let L, Fig. 4*4 (6), be the mark when the hydrometer 
floats in a liquid of density A, this density being known or deter- 
minable. Let s be the distance WL. Let X be the mark on the 
stem to which the instrument sinks when floating in a liquid of 
density p. Call WX = x. The problern before us is to determine 
a; in terms of s, p, and A : we then give values to p numerically 
equal to 1*00, 1*01, 1*02, etc., and so find out where these gradua- 
tions must be placed. 

If V is the volume of the instrument up to the mark W, and v 
the volume per unit length of the stem, we have, from the Principle 
of Flotation, 

Y X 1 = mass of water displaced = mass of hydrometer 
= mass of liquid displaced 
=== (Y -- sv) . A (V -- xv)p. 

Hence 



Saccharometers.— When, for example, a hydrometer is used to 
determine the sugar content of a solution, the scale is graduated to 
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give the sugar content directly, the instrument being calibrated by- 
floating it in solutions of known strength. Hydrometers used for 
sugar determination are called saccharometers. 

If it is desired to make density determinations over a large range 
of densities then several hydrometers, each having a different range, 
must be used, for otherwise the stem of the instrument would have 
to be too long. This would render the instrument very liable to 
breakage and would necessitate an inconveniently long vessel in 
which to immerse it. Such a vessel is not to be recommended 
owing to the large amount of liquid required to fill it and because 
it is difficult, without undue precautions, to keep the temperature 
constant. The Bates’ Saccharometer, Fig, 4*4 (c) , has been designed 
to eliminate the use of several instruments. It is made of metal, 
with a stem of rectangular cross-section above the bulb. Below 
the bulb is a ring from which small masses may be hung. In the 
ring there is a tapered hole drflled and the small masses carry pins 
which fit this hole. The scale is an arbitrary one, so that tables 
must be constructed giving the density, or sugar content, corre- 
sponding to these scale numbers for each diflerent poise which is 
used. 


Nicholson’s Hydrometer.— This instrument, which was de- 
signed for determining (a) the densities of solids and (6) those of 
liquids whose densities do not differ very 
much from that of water, consists of a hol- 
low vessel. A, comprising a cylinder and two 
conical portions— see Fig. 4*5. The instru- 
ment carries upper and lower pans, B and 
C, respectively ; C is loaded with lead shot 
so that the hydrometer floats in an upright 
position when placed in a liquid. The 
hydrometer is made of brass and nickel- 
plated so that the tendency for air bubbles 
to cling to it shall be minimized. To Jfind 
the density of a liquid the instrument is 
first placed in the liquid and masses added 
to the upper pan until a definite mark on 
the stem just touches the surface. It is 
generally somewhat difficult to judge this 
coincidence exactly so that ^it better to 
solder a bent pin, P, to the stem of the hydrometer and always 
bring the point of the pin into contact with the surface of the 
liquid. This coincidence is best ascertained by looking at the 
reflexion of the pin in the surface of the liquid from a point below. 
If is the mass in the upper pan and M is the mass of the instru- 
ment itself, then, according to the principle of flotation, the mass 



Fiu. 4-5.— Hichoison’s 
Hydrometer. 
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of the Kquid displaced is M + The hydrometer is then washed 
and floated in water when a mass mg will be required in the upper 
pan in order to sink the instrument to P. The mass of the water 
displaced is M + m^. If p is the density of water at the tempera- 
ture of the experiment the volume of water displaced is (M + m^)/p. 
This is equal to the volume of liquid displaced. The density of 
the liquid is 

(M + Wi)p 
(M: + ^2) 


If the instrument is floated in a liquid whose density differs con- 
siderably from unity, there is a tendency for it to tilt. This may 
be avoided by placing a suitable piece of brass in the lower pan 
during this part of the experiment, and making a correction as 
follows. Let Wi = mass in the upper pan required to sink the 
instrument to the mark P when the piece of brass of mass and 
density d is placed in the lower pan' Then the mass of the liquid 
displaced by the hydrometer is M + mi + /e, and the volume of 


the liquid displaced is 




The density required is 


therefore 


(M + mi - 4 - p,) 

nvi-f m, , 

L P 


If a hydrometer is properly used, reliable results are obtained 
even for liquids whose densities do not differ much from unity, 
since the masses of large volumes of liquid and water have to be 
determined. 

To determine the density of a solid the hydrometer is first floated 
in water as before and the mass required to sink the hydrometer to P 
ascertained. Let this be mi. The solid is then placed on the upper 
pan and the mass necessary to sink the instrument to the same mark 
again found. Let this be m2, so that the mass of the solid in air 
is (mj "“m2). The solid is then placed on the lower pan when it 
will be foimd that a mass m3 is necessary to sink the hydrometer 
to the same fiducial mark. This mass will be greater than mj due 
to the upthrust of the water on the solid. The apparent loss in 
mass of the solid due to the upthrust of the water is (m^ — m^) 
which is equal to the mass of water displaced so that the volume 
of the solid can be derived at once. * 

It will be noticed that this method applies equally well to solids 
which float, the only difference being that the solid must be tied to 
the lower pan. This may be done with the aid of a piece of wire and 
if this is allowed to remain on the lower pan throughout the experi- 
ment its mass need not be known. 
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Alcoholometry.-— The term alcoholometry is applied to the 
determination of the strength of spirits. In the days of the al- 
chemists rough-and-ready means were used. A piece of cloth was 
moistened with the spirit and a light applied : ignition indicated 
strong spirit. Sometimes an oil was poured upon the surface of the 
spirit ; strong spirit floated on the surface of the oil. Later the 
spirit to be tested was used to moisten gunpowder — ^when a light 
Vfas applied rapid combustion indicated a strong spirit ; steady 
burning* indicated a spirit which was regarded as ‘‘good, rightfull 
and of vertue and was known as “ proof spirit. In 1666 some 
friction arose between importers of French br%ndy and the customs 
officials concerning the rate of duty chargeable on the liquid. There 
were two rates, 4d. and 8d. per gallon, for liquors of diflerent quali- 
ties, and the revenue officials, guided by the sense of taste, asked for 
the higher rate. The decision was contested by the importers, but 
was eventually ratified ; the test was made statutory in 1670. 
Fraudulent merchants, however, attempted to disguise the taste of 
their brandies, and so other means had to be found. Boyle first 
thought of using a hydrometer for testing spirits, and after variousim- 
provementsit has become the standard instrument for such purposes . 

‘‘ Over ” and ** Under Proof , — ^The term “ proof is applied to 
spirits having a density 0*91976 gm. cm.“® at 15*56° C. (60° F.) ; this 
corresponds to 49*28 per cent, of alcohol by weight or 57*10 per cent, 
alcohol by volume. If the over-proof strength is added to 100, the 
sum represents the number of volumes of spirit at proof strength 
which that particular over-proof strength would make. Thus, 100 
vols. of spirit at 16° over-proof are equivalent to 116 vols. of proof 
spirit, whereas 100 vols. of 16° under-proof are equivalent to 84 vols. 
of proof spirit. Absolute alcohol is 75*35° over-proof. 

Sike’s Hydrometer.— This is the particular form of instrument 
used in alcoholometry. It consists of a gilded brass bulb, 1*5 in. 
in diameter, to thfe bottom of which is fixed a counterpoise. The 
stem is a thin rectangular strip graduated in arbitrary units. Tables 
are supplied which convert these readings into terms of over or under- 
proof strengths. 

Stability of Floating Bodies.— The principle of flotation [cf. 
p. 70] asserts that the mass of the floating object is equal to the 
mass of the Hquid displaced. This condition alone is not sufficient 
to determine the equilibrium of the floating object. If it is in 
equilibrium the weight of the solid must not only be equal to 
tbe upthrust of the liquid displaced, but these two forces must act 
in the same straight line. 

Now while these two conditions are sufficient to determine the 
equilibrium of the floating body, the stability of that equilibrium 
requires further discussion. 
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Consider a floating body (e.g. a ship) in the position of eq^uili- 
brinm. If m is the mass of the ship, it is in equilibrium under the 
aetion of two forces, its weight, mg, where g is the acceleration due 
to gravity, acting vertically downwards through G, Fig. 4-6(a), 
the centre of gravity of the body, and the upthrust, also mg, acting 
vertically upwards through H, the centre of gravity of the dis- 
placed liquid. The point H is termed the centre of buoyancy. 
Now HG is vertical when the ship is in its equilibrium positiop. 
We shall assume that this line is marked on the ship and that it 
moves with it when the equilibrium is disturbed. When the ship 
is displaced through a small angle, let the centre of buoyancy 



Fia. 4* 6.— -The Metaoentric Height of a Floating Body. 


move to a position Hi, Fig. 4-6(6), in the plane of the diagram. 
The mass of displaced liquid will remain unaltered, but its resultant 
upthrust will now act vertically through Hi. If this line of action 
of the upthrust cuts HG produced in M, then M is the metacentre 
of the ship, while the distance GM is the metacentric height of 
the ship. 

The ship is now acted upon by a couple and if M is above G this 
couple will tend to restore the ship to its equilibrium position, i.e. 
the equilibrium is stable. Unstable equilibrium follows when M 
is below G. 

To Determine Experimentally the Metacentric Height of a 
Rectangular Piece of Wood Floating in Water. — Consider that 
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rectangular section ABCD, Mg. 4-6 (c), of the floating body which 
passes through G, the centre of gravity of the body. Suppose 
that the body is displaced through a small angle 6 by placing 
a body of mass ^ at E. Let M be the metacentre whose posi- 
tipn is to be determined experimentally, and suppose that GM 
cuts AB in 0. Let OE = x. If m is the mass of the wood, and 
fc is small compared with m, so that the mass of the displaced 
liquid may be considered constant, the three forces maintaining the 
body in equilibrium are its weight acting vertically downwards 
through G, the upthrust mg acting vertically upwards at Hi, the 
centre of buoyancy in the disturbed position of the wood, and the 
weight jug of the mass at E which acts vertically downwards. By 
taking moments ojf forces about Q, the point of intersection of the 
water line with HjM, we obtain GM, for 

mg , GM . sin 6 =: juig , EQ 

where E is the projection of E on the water line. If 6 is small, 
sin 6 == 0, and EQ = a; cos 6 = a;. 

Hence GM=^. 

mJd ~ 

The angle 0 is deduced from, observations on the position of a 
plumb-line attached to the wood as indicated. 

Pressure of the Atmosphere.— The earth is surrounded by an 
envelope of mixed gases consisting of oxygen and nitrogen for the 
main part, but also containing carbon-dioxide, water vapour, and 
in smaller amounts argon, neon, krypton 
and xenon. This mixture is a fluid and, 
as such, exerts a pressure. In general, 
this pressure diminishes with increasing 
altitude, and is such that at distances 
greater than 50 miles above the earth’s 
surface, the air is so rarefied as to be 
almost non-existent. Fig. 4*7 shows the 
eflect oi placing a tube, completely filled 
with mercury, in a reservoir of this sub- 
stance. Whether the tube is inclined or 
not the vertical height of the column, 
providing the mercury does not fill the Fig. 4*7, 
tube entirely, is the same in each tube 

and is a measure of the pressure of the atmosphere under the 
prevailing conditions. The vacuum above the upper surface of 
the mercury is called a Torriccf/ian vacuum, and should contain 
only traces of mercury vapour. This space is so called because it 
was discovered in 1643 by an Italian named Toeuioelli. Such 
tubes are the essential part of all mercury barometers. 
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The Fortin Barometer. — ^The distinctive feature of this instru- 
ment, Fig. 4*8, is the device used for keeping the level of the mercury 
in the reservoir constant. This permits the use of a fixed scale— 
generally engraved on the brass case, A, surrounding the barometer 
tube, B. The reservoir bottom, C, is made of chamois leather and 
is moved by means of a plunger, the motion being imparted by the 
rotation of the screw S ; this is moved so that the mercury level 
in the reservoir is coincident with the extremity of an ivory point 
P, whenever observations are being made. The tip of P coincides 
with the zero of the scale on A. The above 
coincidence is examined by viewing the re- 
flexion of the point in the mercury surface. 
To determine the" position of the upper sur- 
face of the mercury on the scale of A, the 
tube E, sliding inside A and operated by the 
milled knob D, is adjusted so that its lower 
end is level with the mercury surface. A 
vernier scale on E enables the position of 
the mercury sxmface to be determined. 
After some months’ use air tends to find 
its way along the glass-mercury surface ; 
this is prevented from reaching the vacuum 
by means of the re-entrant glass joint X. 
The glass tube used in such a barometer is 
shown in Fig. 4*8 (6). 

Boyle’s Law. — Gases are fundamentally 
different from solids and liquids. The fact 
that a given mass of gas is at a certain 
temperature does not define its volume 
definitely^ for a gas always occupies the 
whole of the available space in the vessel 
enclosing it. If the volume of the gas is 
increased the gas still fills the whole of the 
vessel, but the pressure it exerts on its 
walls is reduced. Similarly, if the volume is 
decreased, the pressure is increased. Boyle, in 1662, investigated 
the relationship between the volume of a given mass of gas and the 
pressure to which it is subjected, and his results are expressed by 
the law which bears his name : The volume of a given mass 
of gas at constant temperature is inversely proportional to 
the pressure to. which it is subjected,^* # 

Experimental Verification of Boyle’s Law.— Fig. 4*9 (a) is 
a diagrammatic representation of the essential parts of the 
apparatus. It consists of a btirette of other suitably calibrated 
vessel, A, connected by means of thick rubb^ tubing to a wide tube, 


j? 



(b> 


Fio. 4-8.— A .Fortiii 
Barometer, 
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B, containing mercury. C is a two-way tap leading either to a tube 
Dj containing calcium chloride, or to a tube E. At the top of D 
there is a rubber bung through which pass E and another tube F 
which may be closed by a small glass cap and piece of rubber tubing. 
A loosely packed plug of glass wool, G, at the 
lower end of D prevents particles of the 
chloride from entering A. The tap C is first fH 5 

placed so that connection is made between A Ij 1 

and E [ct Fig. 4-9 ( 0 )]. When B is raised the ^ | 

air or other gas in A is expelled into D via the | 

tube E. During this operation care should D I « 

be exercised to prevent the mercury from 'cjj. 1 I 
coming into contact with the grease on the 6^11 j H 

tap, for mercury I is easily contaminated. G I 

is then rotated so that there is direct connec- I 

tion between D and A [cf. Fig. 4-9 (b)]. ^ | H 

When B is lowered dry gas enters A. This S* I ■ 

operation is repeated several times so that the & 1 i 

gas finally left in A is dry. With the tap C | | 

closed, B is raised to a considerable height. | I 

If the mercury level in A continues to change, j I 

the tap C is leaking, so that this defect must | n 

be remedied before proceeding. HI I B 

When it has been shown that the appara- V 1 B 

tus is free from leaks the volume of gas in A n ^ B 

is noted, and the levels of the mercury in A ^ || 

and B observed by means of the scale S. M jj 
The difference between these two observa- H jB 

tions is a measure of the pressure difrerence y 

between that in A and that of the atmo- 
sphere. If the barometric height is observed, {CV) 

the pressure of the gas in A in terms of cm. M 
of mercury at room temperature may be de- (^) 

duced. A series of observations with the pres- 
sure in A both greater and then less than ^ 
atmospheric is made. If now a graph is (C) 

drawn showing the relation between jp, the 
pressure, and V, the volume of the gas, a 
curve is obtained, hut its nature cannot he 
directly inferred. But since it is expected 

that the observations will support the relationship jp oc i.e. 

pV = K, where is a constant, we should plot log p and log V. 
If the points lie on a straight line whose slope is — 1, the validity of 
Boyle's Law over the range of pressures investigated will have been 
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established, for log + log V = log «: == consta.nt, is the equation to 
a straight line whose slope is — 1. The yalidity may also be 

tested by plotting p against when a straight line shpuld be 

obtained. Its slope is k. 

Experiment. Clean and dry a glass tube about 40 cm. long and 
0-3 cm. in diameter. Introduce a pellet of mercury about 10 cm. 
long into the tube. Observe the barometric height. Determine the 
length of the tube occupied by the enclosed air when^the tube is 
vertical and also when the tube is rotated through 180° in a vertical 
plane, i.e. when the pressure of the enclosed gas is greater and then 
less than atmospheric by an amount depending on the length of. the 
mercury pellet. Introduce other pellets into the tube and repeat the 
observations. Hence investigate the validity of Boyle’s Law. 

Hate’s Density Apparatus. — This apparatus enables us to 
compare the densities of two Mquids, so that if the density of one 
is known, that of the other may be de- 
duced. It consists of two vertical tubes, 
AB and CD, Fig. 4‘ 10. The upper ends 
of these tubes are connected to a T-piece 
and stop-cock, E : their lower ends each 
dip into one of the liquids under ex^ 
amination. By applying suction at E the 
liquids may be brought to convenient 
positions in the tubes. Let us suppose 
that these positions are Pj and Qj re- 
spectively. If D and d are the densities 
of the two Kquids while and are 
equal to the heights of Pi and Q j above 
the exposed surfaces of the liquids, the 
difference in pressure between the inside 
and outside of the apparatus is yDHi or 



. d Hi 
Al- 


in actual practice 

it is at least inconvenient, and certainly 
undesirable, to adjust the ends of the 
scales S and T so that they are in con- 
tact with the exposed surfaces of the 
liquids. To avoid this, a long pin (or 
screw) is pushed through a piece of wood 
resting on top of the containing vessel in 
each instance, the pins being vertical, and their positions adjusted 
until their lower ends just touch the liquid surfaces. S and T 
are then used to measure the heights of P and Q above the tops 
of the pins, and if the lengths of the pins are known, Hj and Aj 
are easily deduced. 


Fia. 4* 10. — Hare’s 
Apparatus. 
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A series of observations with the levels of the liquids at diiGPereiit 
positions in the tubes is made, care being taken to see that the tubes 


are thoroughly wetted. The 
observations are then plotted 
as in Fig, 4*11 and the best 
straight line drawn. Let K and 
L be two points on this line and 
draw KM and LM parallel to the 
axes of reference. It follows 
that ML and KIM will be pro- 
portional to the same change of 
pressure inside the apparatus, so 
that if we denote them by H and^ 
h respectively, gD13. = gdh, i.e. 

~ = Generally the liquid 

in AB is water so that in the 



‘.G.S. system of units D = 1 


gm.-cm.“"®, and therefore d 


H 


•cm. 


-3 


Buoyancy in Gases. — ^It has already been shown that any solid 
immersed in a liquid experiences an upthrust equal to the weight 

of the liquid displaced. Gases, 
too, exert an upthrust on 

bodies in them equal to the 
weight of the gas displaced. 
This may be demonstrated in 

the following manner. A, 

Fig. 4-12, is a hermetically 
sealed vessel — a glass globe, 
for example — ^suspended from 
one arm of a balance and 

counterpoised by a mass, B. 
The whole is placed inside a 
large bell-jar which may be 
exhausted. As the air is re- 
moved from the jar the up- 
thrust on the large body A is much reduced in comparison with 
that on the counterpoise B. In consequence, the equilibrium of 
the balance is destroyed and A falls. 

Correction for Buoyancy in Determining the Mass of an 
Object. — Let m be the mass of the weights (brass) necessary to 
counterpoise a given object, the weighing operation being carried 
out in air. Let p be the density of brass, a that of the material of 
the solid whose mass is being determined, and A that of the air 
under existing conditions. Let M be the true mass of the solid. 



Fio. 4*12. — ^Buoyancy in Gases. 
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Then its volume is M/u, so that the upthrust on it due to the ah 

displaced is » 


On the brass weights' the upthrust is • 9- Eor equilibrium 

Mg - = mg - (^^g 

M = wj^I - d 0 - , since 4l is small. 

The Suction Pump. — diagrammatic representation of the 
suction or bucket pump is shown in Fig. 4-13 (a). The valves 
A and B are so constructed that they can only move upwards ; 



(a) A Suction Pump. 


Fig. 4-13. 


(6) A Lift Pump. 


wljen the piston or bucket CD is forced downwards any water 
between the valves A and B is compelled to pass upwards 
through A, for the valve B is closed. When the motion of CD is 
reversed, i.e. the piston moves upwards, the water above it closes 
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fehe valve A and this wat(^ is carried upwards and delivered through 
the spout E. The space between CD and B would now be a vacuum 
were it not for the fact that the atmospheric pressure acting on the 
surface XY of the water in the reservoir forces the water past the 
valve B into the cylinder of the pump. On the descent of CD the 
cycle is repeated, the result being an intermittent delivery of 
water from the pump. In dry weather it is often necessary to 
prime such pumps, i.e. water must be poured into the main body 
of the pump in order to make an air-tight seal at CD. If such a 
process is not used the pump will not work. 

The Lift Pump.— As in the preceding pump, there are two 
valves L and M, Fig. 4*13 (6), and an additional valve N is in a 
side exit. When the piston HK is raised the valve L closes, while 
M and N open, allowing water to pass from the reservoir into the 
cylinder below HK, while the water above HK is forced through 
N upwards into the cylinder. On the downstroke of the plunger 
HK the valves M and N close, and the water is forced through L 
into the receptacles which are being fed. The cycle of operations 
is then repeated. Vessels are often fitted to plunger pumps in order 
to provide a cushion ’' and so avoid damaging the pump when 
the piston motion is reversed. The air cushion absorbs the shocks 
which are due to the alternate starting and stopping of the water 
supply. 

The Limitations of the Above Pumps.— Under normal con- 
ditions the pressure of the atmosphere is .sufScient to support a 
column of mercury 30 in. in length. Since mercury has a density 
13-6 times that of water the height of a water column which can 
be supported under similar conditions is 30 X 13’6 in. or 34 ft. 
This distance represents the maximum theoretical distance between 
the water-level XY and the valve B. In practice, owing to im- 
perfections in the pump, it is seldom found that water can be raised 
more than 20 ft. by a suction pump. 

This distance must not be confused with the height to which water 
can be driven by means of the force pump. This latter height 
depends upon the efficiency of the pump and the strength of the 
valves. A distance of 300 ft. is about the maximum distance 
through which it is safe to raise water in this way. 

The Petrol Pump.— The lift pump finds a useful appiieation 
in the modern petrol pump for raising petrol from an underground 
tank. When the plunger is raised by the ratchet work, E (shown 
in the conventional manner), Pig. 4-14, the valves V in the piston are 
closed and W is opened so that the petrol rises ; on the descent of 
the plunger W automatically closes, thereby preventing the petrol 
from flowing back into the tank. At the same time the valves V are 
opened and the petrol is forced upwards into the |lass v^sel A, th^ 
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escapes down B and returns to the ta^. 
The petrol in A is delivered through the 

tap T. ^ ^ 

The Siphon.— The siphon, Fig. 4-15 (a), 
consists of a piece of tubing of rather smaU 
bore CO-5 cm.) bent so that its two arms are 
unequal. If the tube is filled completely 
with Uquid and the shorter arm is im- 
mersed in a Hquid, Hquid is removed from 
the containiug vessel. The column of 
BC exerts a pressure at C, and when the 
siphon begins to operate the liquid runs out 
at C. The removal of the liquid from this 
side of the siphon tends to produce a vacuum 
in BA, and consequently the liquid is drawn 
from the reservoir, which is being emptied, 
into the tube. The whole process becomes 
continuous so that there is a steady strearn 
of Hquid at C. The speed at which the Hquid 
is removed from its container depends upon 
the vertical distance between the level of the 
Hquid and 0 ; the greater the distance, the 
more rapid the flow from the siphon. How- 
ever, it must be noted that if the vertical dis- 
tance between A and B exceeds the baro- 
metric height, expressed in terms of the 
Hquid in A, then the column AB can no 
longer be maintained and the siphon ceases 
to work. Bor water the above distance is 30 ft. (about) ; for 
mercury 76 cm. The above argument indicates that a siphon wiU 



Fia. 4-14.— A Petrol 
Pinnp. 
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automatic by placing some capiliaries var 3 ring between 0-2 and 
1 mm. diameter in a piece of straight glass tubing and bending 
the whole so that the shape shown in the Fig. 4-15 (6) is obtained. 
A little molten wax, made by melting together 10 parts resin and 
6 parts vaseline, is drawn into the longer limb of the siphon so that 
the walls of the glass are thinly coated. When the shorter limb is 
placed in a liquid, capillary action causes some to pass into the 
waxed limb and form a pellet. This grows until the vertical distance 
between its ends exceeds the depth of the end of the short limb 
below the liquid surface. The ordinary action of a siphon ensues. 

The Hydraulic Press. — A modern form of the hydraulic press 
jSrst invented by Bbamah isshoW in Fig.4-16. It consists essen- 
tially of a large cylinder, A, filled with water (or oil) in communi- 



cation with a smaller one, B. The larger cylinder is provided with 
a piston, G, known as the press-plunger, while the smaller one is 
provided with a piston, H, of much less cross-sectional area. It is 
termed the pump-plunger. Packing glands prevent the escape of 
liquid from the junctions between the pistons and the respective 
cylinders. H is operated by means of a lever, L, which further 
increases the mechanical advantage of the press. When a thrust 
is applied to the top of the smaller piston the pressure in B increases 
so that a valve, 0, opens and the pressure is transmitted to the 
liquid in A. In consequence of this the press-plunger rises and 
compresses any goods carried on a platform attached to the top of 
G. When the lever is raised the valve C closes and D opens so that 
liquid enters B. The process may then be repeated. If, through 
some defect, the piston G fails to respond to the increased force 
acting upon it, the safety-valve K opens and the escaping liquid 
returns to the reservoir M via a channel not indicated in the diagrana. 


j 
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To release the pressure on the Uquid in A the tap T is opened and 

the liauid returns to M. , _ ,, - 

If a: and y are the perpendicular distances Trom the fulcrum 
the lines of action of the thrust on the smaUer piston and of the 
effort F applied to the extremity of the lever, the thrust on H 

p If s is the area of cross-section of H, the pressure on the 

liquid in B is 

w =1^ . 

8 XS' 

If S is the cross-sectional area of 6, the thrust on its base is 

00 s g 

The mechanical advantage of this machine is | . j- i.e. it is the 
product of the mechanical advantage of the lever and that of the 

*”lt musThe noticed that in the above argument we have assumed 
that the pressure on the base of H is exactly the_ same as that on 
the base of G. This is only true when these are in the same hon- 
zontal plane. If, at any instant, h is the difference m the above 
levels, the pressure difference is gph, where g and p have their usual 
si<^nificance. The correction to be appKed to obtain the pressure on 
the base of G is therefore variable ; in general it is positive at the 
beginning of the stroke and negative at the end of it. . 

Air Pumps.— The simplest form of air pump is the glass filter 
pump shown in Fig. 4-17. The tube A is connected to the water 
supply, while the side tube C leads to the apparatus to be ex- 
hausted. A rapid stream of water is forced along A, and this 
produces a jet of water which passes down the tube B. ihe air 
hi the immediate vicinity of B becomes entrapped m the water 
stream and is carried away through D. This process of entrap- 
ping the air is continuous until a pressure of about 3 cm. of 
mercury is reached— the pump then ceases to reduce the pres- 
sure further. , , i + 

If a lower vacuum is required some other form of pump must 
be employed ; if the space to be exhausted is not greater tha,n 
200 cm.* the modified Toepler pump. Fig. 4-18, is very useful. It 
consists of a cylindrical barrel A, about 200 cm.* capacity. At 
its upper end is a two-way capillary tap T ; by turning this tap 
the barrel A can be put into connection, either with the tube B, 
which leads to the apparatus to be exhausted, or else with C, 
which is open to the air. At the lower end of A is a smaller barrel 
D,with a side tap attachedV any air entering the apparatus via 
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the pressure tubing is entrapped in D and can be removed 
thi^ough this side tap. D is connected to a mercury reservoir E, 
by means of pressure tubing. 

To commence operations the reservoir E is raised, ! being 
connected to C, so that the mercury fills the barrel A completely. 
T is closed ; E is then lowered a little and T rotated so that B and 
A are in connection. The pressure of the gas in B and the vessel 
to which it is attached forces the mercury downwards in A ; E is 




lowered until A is nearly filled with the gas. T is then closed 
and E raised until the pressure in A is greater than atmospheric. 
When this is so, T is put into connection with A and C so that 
the gas can be removed from A. The operation is repeated ten 
times or more, after which it will be found that no more gas 
can be removed from the vessel which is being exhausted. When 
the mercury in A reaches the tap T, the sound of a good metallic 
click indicates that a low vacuum has been reached. 


m 
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Pump. — A form of this pump workiiig in con- 
jT^notiou with a water pump is shown in Fig. 4‘19. The capillary 

tubes in it are 0-15 cm. 
in diameter, the others 
about 0*5 cm. except 
where they widen out 
into bulbs approximately 
2 cm. in diameter. The 
tube A leads to the 
vessel being exhausted. 
Pellets of mercury fall 
from the jet B and en- 
train bubbles of gas as 
they enter the fall tube 
below. The supply of 
mercury in B is replen- 
ished from the reservoir 
E which is in direct com- 
munication with a water 
pump. A capillary tube 
passes down the centre of 
this reservoir, through its 
base, and ends in the 
trough C. At the end 
of this tube there is a 
T-piece to which is 
attached a fine-drawn- 
out glass tube by means 
of a stout rubber tube. 
When the water pump is 
operating air is drawn 
in through this orifice 
and carries bubbles of 
mercury with it. When 
this mixture arrives at 
the upper end of the 
tube the air passes to the 
water pump while the 
mercury falls into the reservoir. A clip, K, controls the rate at 
which air enters the apparatus. 

High Vacua. — ^When the above procedure has been duly carried 
out, the degree of vacuum may be increased by having previously 
attached to the apparatus a bulb containing charcoal prepared from 
coconuts or cherry-stones. If the charcoal is reduced to the tempera- 
ture of liquid air 180® C.], it absorbs nearly all the residual gas 



ITio. 4*19.— A Sprengel Pump. 
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and vapours [the Toepier pump will not remove vapours]. Instead 
of using charcoal, which is likely to explode at low temperatures if 
its gas content is high, it is better to use gelatinous silica in the bulb 
which is cooled, as this substance gives rise to no danger. 

In the manufacture of wireless valves and X-ray tubes mercury 
vapour pumps are employed to create a very high vacuum in them, 
but these pumps can only be used with an auxiliary or backing 
pump, i.e, the pressure in the apparatus must be low [<^ 1 cm. 
of mercury] before they will work. The mercury vapomr pump 
described below is capable of producing an X^ray vacuum when 
backed by a filter pump, but the best mercury vapour pumps 
require to be backed by a rotary vacuum pump — cf. the next 
section. The modern condensation pump was originally designed 
by Lanomijib, but nowadays there are many patterns. One 



designed by Wabast is shown in Eig. 4*20. Mercury is boiled in a 
vessel A [since the pressure is low, the temperature is seldom above 
180® 0.] and a mercury vapour jet is formed at C. The vessel to be 
exhausted is connected at B, whilst a Y^ter pump is attached to S. 
Around the wide tube into which the nozzle C projects, there is a 
water jacket, through which a constant stream of water flows. Con- 
sider the state of things in the neighbourhood of the jet. Molecules of 
mercury vapour and of the gases will tend to intermingle. They 
are said to diffuse. The mercury vapour, which diffuses towards 
B, is condensed, whereas the gaseous molecules diffuse towards 8 
and are withdrawn by the water pump. In this way a very low 
vacuum is reached, but one must not imagine that all the molecules 
have been removed even in the highest vacua which have been 
produced. There still exist in such vacua about twenty millions of 
molecules per mm,®. 

A Rotary Vacuum Pump.— The ptpnp show in Eig. 4*21 is 
designed for the production of a liigh vacuum and the exhaustion 
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of vessels of large capacity. It works directly from atmospheric 
pressure and being entirely immersed in oil the leakage nf air into 

steel <^ing. C, througli which is bored a cyhndricai i*amb«-, D. 
A shaft M runs through this chamber, its axis being parallel 
t tat e;cenWo &om the ..sis of the chamber. This statt retelTes 
about ite own axis and always touches the periphery of the cl^amber 
D at the point E. On each side of this point is a port-one an 
inlet, F, and the other an outlet, G, wMohus fitted mth a 
loaded valve, H. In the shaft M is a slot in which 
and Q, are free to slide to and from the axis of the shaft. These 


K 


JET 



two plates are kept apart and their extreme edges forced against 
the periphery of the chamber D by a series of springs placed 
at right angles to the axis of the shaft — one of these is shown 

in sectional view. . , xi -x- 

The action of the pump is as follows. Let us consider the position 
shown in the diagram. The shaft M is rotating in an anti-clockwise 
direction and the effective space between the chamber D and the 
shaft M is divided into two portions, S and T. As the shaft rotates, 
remembering that the plate Q is touching the wall of the chamber, 
the portion S enlarges and air is drawn in from the vessel to be 
exhausted through the inlet pipe K. The portion T is getting 
smaller and any air in it wil be compressed. When the pressure 
is sufficiently great this air escapes through the exhaust valve. 
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Tlixis the pump will exhaust air from a vessel to which the inlet 
pipe K is connected^ 

The Measurement of Low Pressures. — When it is necessary 
to know the pressure inside a partially exhausted vessel a mano- 
meter is used. This consists essentially of a U-tuhe closed at one 
end. The closed end is completely filled with mercury but there 
is only a small amount in the other limb of the tube. When the 
manometer is connected to a vessel from which the gases are being 
removed gradually, a point is finally reached when the mercury 
begins to descend in the closed limb of the tube. The difference in 
level between the mercury surfaces in the two tubes is a measure 
of the pressure of the remaining gas 

in the vessel which is under evacua- A 

tion. Such manometers possess 
several disadvantages : — 

(a) The vacuum in the closed limb 
is gradually destroyed by gases which 
creep between the mercury and glass 
surfaces. 

{b) If the apparatus suddenly 
develops a leak the mercury is forced 
rapidly into the closed limb and the 
impact is sufficient to cause a frao- 
ture of the manometer. 

(c) The instrument is not sensitive 
at low pressures. 

(d) The mercury tends to stick to 
the glass so that it becomes difficult 
to observe the true pressure. 

The first two disadvantages can be 
» minimized by the use of a device due^ 
to Wabak. a small glass reservoir R, 

Fig. 4*22, is joined by means of capil- "generative 
lary tubing to the usual form of mano- 
meter. The whole is filled with mercury as before. When the pressure 
upon the free surface of the mercury is diminished, at some stage the 
mercury recedes from the point A. If at this stage the instrument 
is tapped gently, the continuous thread of mercury in the capillary 
tube is broken and the mercury assumes the position shown in the 
diagram. The capillary tube space is then an almost perfect void, 
so that the height BC is a true representation of the pressure at 0. 

After some time gases may make their appearance in the capil- 
lary; they are removed by subjecting the manometer to atmo- 
spheric pressure thereby forcing them into R. By constricting the 
open limb of the U-tube as shown in the diagram, the motion of the 
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mercttry is retarded so that a fraotoe from the causes mentioned 
above becomes a very remote possibility. 

The McLeod Gauge.— Since it is impossible to use^ a mercury 
manometer to measure high vacua (such as exist m wireless valves) 
it is importa;nt to discover a means whereby this ma,y be done. 
McLeod is responsible for the gauge which is frequently used for 

thispurpose. A bulb A, Fig. 4-23 (a), of known volume V, has feed 

to its upper extremity a capiUary tube DE, the volime of which 
per unit length is known. The tube BC leads to_ the_ apparatus 

in wMch. it is desired to measure 
the pressure. A reservoir F 
contains mercury and is attached 
to the gauge proper by means 
of pressure tubing 6. When 
the reservoir F is lowered 
through a distance greater than 
that equal to the barometric 
height (say 80 cm.) below the 
level B, then A is in direct con- 
tact with the exhausted vessel, 
and is therefore fiUed with gas 
at a pressure fy which is the 
pressure to be determined. 
When F is raised, the mercury 
divides at B and entraps a 
volume V of gas at pressure jp ; 
by raising F still more this gas 
can be compressed into the capil- 
lary DE. It is customary to 
adjust the mercury in C until it 
is level with the closed end D of 
the capillary tube. Then the 
pressure of the gas in DE is 
measured by A, where h == DE. 
Now Boyle’s Law [cf . p. 80] 
states that the product of the 
pressure (p) and the volume (V) is const»t for any given mass 
of gas at constant temperature. Applying this to the mass of gas 
entrapped in the capillary, we have 

== hx, 

where x is the volume corresponding to the length DE of the capil- 
lary tube. Whence , 

hx hh) 



Fig. 4-23. — ^McLeod Gauge for 
Measuring Low Pressures. 
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V = 


if j; is the volume per unit length of the capillary. 


ELEMENTS OF HYDROSTATICS &6 

If such a gauge is to he reliable the enclosed gas must be dry, for 
water vapour does not behave like a perfect gas. 

In the more recent forms of this instrumentia piece of glass tubing 
of the same diameter as that used for DE is sealed in parallel with 
the side tube C as shown in Fig. 4*23 {b). When reading the difference 
in levels of the mercury in the tube E and that leading to the 
vacuum, it is the levels in E and this other tube which must be 
recorded. This is because the surface tension of mercury is such 
that it is depressed in narrow tubes to an extent depending on the 
diameter of the tube. The effect is eliminated, however, by using 
tubes of the same diameter. 

Th.e Absorption of Gases.— The process of obtaining a Mgh 
vacuum is by no means as simple as the above remarks would 
indicate. It is found that after a certain time, depending on the 
pump and the nature and size of the vessel to be exhausted, the 
pressure ceases to be reduced. This is because gases are evolved 
from the surfaces of all substances when the external pressure is 
very low. The rate at which these gases is expelled is greatly 
increased when the temperature of the surface is raised. The 
vessels to be exhausted are therefore heated cautiously with a gas 
flame and the pumping continued. 

If, as in a wireless valve, there is some metal to be degassed, it is 
subjected to a heavy electron bombardment. We shall learn later 
that electrons are emitted when a metal is heated to high tempera- 
tures. A filament is therefore placed near the metal (or the filament 
of the valve used) and its temperature raised electrically. A large 
positive potential is then applied to the metal, while the filament is 
earthed at one point. The electrons are attracted to the metal and 
strike it with considerable velocity. They lose their kinetic energy 
which appears as thermal energy [heat], and it is this energy which 
is responsible for the liberation of the occluded gases in the metal. 


EXAMPLES IV 

1. — Define the terms density and specific gravity and describe how 
you would determine the density of a solid soluble in water. 

2. — Calculate the mass of lead, density 11*3 gm. cm.*"®, which must 
be attached to 105 cm.® of wax (density 0*86 gm. cm.”®) in order that the 
apparent mass may be zero when the whole is placed in a liquid whose 
density is 1-04: gm. cm."*. 

3. — U-tube contains mercury, density 13*6 gm. cm.”*. A liquid 
whose density is 1*23 gm. cm.“® is poured into one limb so that the 
difference between the mercury levels is now 3*67 cm. What is the 
length of the column of liquid ? Can you make any statement con- 
cerning the mass of the liquid wMch has been added ? 

4. — ^Describe a Fortin barometer. 
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5 —The yieight of a water barometer is 34 ft. Find the pessme 
in «hS 1 mile below the snrface of sea water W b026 

^ cm.-"). Also es:press this pressure m tons wt. ft. [1 cu. tt. ot 

water has a mass of 1#00 oz.]. „ , . , 

a. TTinrl fVsft DressiirG <iu© 1)0 8> column, of sur 1 m « * 1 .. 

=*“• 

<' t S'Sli) M 8‘S'to- i» ~c«o„ yith . ydocit, rf ■ 

fi.7 ft oeTtec tow many cubic feet wiU flow out m 60 ^mutes 

9 yr^^demtandby the principle of 

evtoder 12-0 in. long floats vertically in mercury. The density of 
mercury ®e 7-8 and 13-6 gm. cm.-* respectively. Calculate 

*^lo!!l^ou^are° proved with a small- sheet of e* *^°^**^s 

thicLeS but irrV®^ outline. Discuss two methods whereby its 
*Tl StoeTheSS tonsity. How would you proceed to determine 

. .bwVWd eg?] 

IS^— Sketch and describe the experimental arrangement y°^ 
use ik order to obtain a good vacuum. How would you measure the 

2 J^ce°olgS£4bmg .. bolb haj . ««. 18.86 ^ 

H the tonsitv of glass is 2-63 gm. om.-», calculate the volume of the 
lir space encTbsedIn the bulb if the whole has an apparent mass of 

spS’^kbove a mercury column contains ?o“® 
mercury column is 28-40 in. long and the space above is 
This tube is then pushed downwards mto mercury so ttot the c^i^ 
is 28-14 in. whilst the air space is 2-34 in. What is the true height 

*** 16 .— ^^^^mass of lead, density 11-3 gm. cm.-»^must 
a block of Balsa wood 3-26 cm. x 8-40 cm. x c^-._and dei^y 
6-0 lb. per cu. ft., so that it will just float m water ! [1 lb. — 453-6 gm., 

^ n.— A^peUet of mercury, density 13-69 gm. cm.-* naass 
has a length 20-4 cm. when introduced mto a n^ow tube. What is 
the average radius of this tube t Some hqmd is then ““fe 

the tube and the length of the column is 18-9 cm. What is the density 

of the liquid if its mass is 0-467 gm. 1 

Ig .'V^at is meant by the statement that the pressure of a coal 

gas supply is 12 cm. of water ? H the pressure of the gas supply at 
OTOund-level is 12 cm. of water what -will be the pressure of _ the supply 
at the top of a building 25 metres high if the relative densities of gas, 
air, and water are as 1: 2 : 1,460 T _ _ , . „„v „f 

19. — Explain the conditions on which floatmg depends. A 
specific gravity 0-25 floats in sea-water of specific gra-sity l-2o witn 

10 cm.* above the surface. Calculate the total volume of the cork. 

20. — ^Define densityi If the density of glass is 2-266 gm. > 
express its density in terms of the lb. and yard when these are the 
units of mass and of length respectively. [1Tb. = 453-6 gm„ i in. 
= 2-640 cm.] 
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21. — If you were supplied with some turpentme and some ice, 
describe how you would determine the density of the ice without 
using any form of balance or “weights.*’ 

22. — body weighs 86*0 gm. in air, 72*4 gm, in one liquid and 
63*9 gm. in another liquid. In a mixtxire of these liquids it weighs 
67*1 gm. Calculate the proportion in which the liquids have been 
mixed. 

23. - — ^A solid whose density is 12*4 gm. cm.*"® is weighed in air. It 
is found that its mass is 284 gm. when brass weights having a density 
7*8 gm. cm.-® are used. If the density of air is 0*00125 gm. cm.-®, 
calculate the error due to neglecting the buoyancy of the air. 

24. --^How would you determine experimentally the volume inside a 
small hermetically sealed glass tube ? 

25. — State Archimedes’ principle. How would you determine the 
density of a liquid using a sinker ? 

26. — A cylinder of 0*3 cm.® cross-section is loaded at one end and 
the whole has a mass of 6*43 gm. In water it is found that 1*8 cm. 
project above the surface. Calculate the amount of this proj ection when 
the cylinder fioats upright in a liquid whose density is 1-37 gm. cm."®. 

27. — Describe a modem form of barometer. What is a bar ? Cal- 
culate the number of bars in one standard atmosphere. 

28. — The pressure at a depth of 100 ft. in a fresh-water lake is three 
times the pressure at a depth of 11 ft. Determme the height of the 
rnercmy barometer in cm. [Density of mercury = 13*6 gm. cm.-®.] 



CHAPTEE V 

CONCEENING THE NATURE OF FLUIDS 

The Brownian Movement.-To an observer standing on the 
landward side of a breakwater the nature of the tempestuous seas 
beyond that breakwater can be inferred from the roUmg and pitchmg 
Sions of the ships which wiU be more excessive than usual To 
the eye, aided by the most powerful of microscopes, the motion of 
molecules cannot be made visible. If, however, some sm^ 5 ! 
of gamboge suspended in a Hquid are observed with the aid of a 
microscope, it will be found that these particles are always movmg, 
not in any fixed direction, but in aU random directions The actual 
motion of a particular particle is very irregular, and perhaps the 
most striking feature of this phenomenon is that ^e “otion never 
ceases. This phenomenon, discovered by an Enghsh botamst 
Beown eariy in the last century, has been observed m l^qui^ con- 
tained in the enclosed cavities of some varieties of quartz, and these 
cavities and the Hquids in them will have been there for thousands 
of years. It has been concluded that this eternal motion of the 
suspended particles cannot be due to any external agencies, but must 
be attributed to the movements of the molecules which constitute 

the liquid. .. „ / - 

The Browtdan motion can also be detected m coUosol oil of 
iodine. This substance is applied to the patient's skm in cases 
where it is necessary to alleviate the pain due to rheumatism, 
sciatica, etc. The small particles of iodine are participatmg^m 
this so-called Brownian movement, and consequently they are able 
to pass very readdy through the skin and into the body. 

Diffusion.— Let a quantity (say 25 cm.®) of a concentrated nickel 
(or copper) sulphate solution be placed at the bottom of a tall glass 
cylinder, the remainder of the vessel being filled with water. A 
glass cover prevents evaporation. Such a coloured substance is 
chosen so that the movements of the resulting solution may be 
observed easily. At first the line of demarcation between the water 
and the solution is well defined, but it becomes obliterated after a 
lapse of several days. The dissolved substance has tnGved upW’ards 
against the pull due to gravity, i.e. it has moved to a region where 
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the concentration of the salt in solution was less. The rate at which 
this transference of the dissolved substance takes place is very slow. 
It would be very difficult to explain this phenomenon if the mole- 
cules of the liquids were not in a state of continual irregular motion. 
The molecules of the dissolved substance — or, in the case of 
electrolytes, the ions in the solution— behave, in this respect, 
like the molecules of a gas, and the process by which molecules 
in different solutions move from regions of higher to those of lower 
concentration, or the molecules of one gas intermingle with those 
of another is called diffusion. In a gas the molecules are at rela- 
tively large distances from one another and so are free to move. 
The molecules of the dissolved body in a solution may be regarded, 
for some purposes, as being dii^tributed throughout the solvent ; the 
solvent has merely made it possible for the constituent molecules 
of the dissolved body to occupy a space much beyond the original * 
confines of the crystal. 

The Diffusion of Salts in Aqueous Solution. — ^In 1850 
Gbaham published his first paper on the diffusion of salts in solution, 
and in 1882 a further 
study was made by 
ScHEFBEB. In principle 
the apparatus they used 
is shown in Fig. 6‘1 (a), 

A small glass cylinder, A, 
rests on two horizontal 
glass rods supported in- 
side a larger glass vessel, 

E. A is nearly filled 
with the solution under 
investigation, and a cdtk, 

G, floats centrally on the 
liquid. A vertical knitting (^) 

needle attached to this — The Diffusion of Salts in 

, j Aqueous Solution, 

cork can move upwards ^ 

in a narrow glass tube, D, held in position by a clamp and stand 
(not shown). By this means the cork is kept in a central position. 
Water is contained i:i^ the dropping fiinnel, B, and it is allowed 
to drop on to the top of the cork, which has been thoroughly wetted, 
at the rate of about three drops per second. A layer of water 
soon appears on top of the solution, and when the cork is clear of 
the solution, it may be removed, and the vessel, A, completely 
filled with water. The whole of A is then surrounded by water 
as in Fig. 5'1 (5). The temperature is kept constant to avoid 
convection currents. At first there is a distinct boundary between 
the solution and the water. As a result of the process called 
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diffusion this weU-defined boundary soon disappears. By deter- 
mining the amount of solute which had escaped from the inner 

vessel into the outer one, it was found _ 

(i) the rate of diffusion depends on the nature of the (hssolved 

subiance. so that the ratio of the amounts of two substances 
present in a solution may alter on account of diffusion, ^ 

(ii) the rate of diffusion is directly proportional to the concen- 
tration of the dissolved substance, „ . 

(iii) a rise in temperature augments the rate at which diffusion 

takes place. _ _ _ , 

Pick’s Law. — ^Foui- years after the publication of Graham s 
first paper on diffusion, Pick, guided by Eourier’s work on the 
conduction of heat, enunciated the following law. The mass, M, 
of a substance in solution passing across an area A per second 
is directly proportional to the rate at which the concentration, 
c, of the dissolved substance diminishes in a direction at 
right angles to the plane of the area A. In sinnbols 


M 

A 




dc 

dx 


dc 


where x is the coefficient of diffusion, and ^ is the rate at which 

the concentration increases with the distance it. 

The Passage of Gases through Porous Bodies.— The diffusion 
of two gases is not prevented but only hindered when a thin porous 
wall or membrane separates them, but the actual rate at which 
the gases intermingle depends upon several factors. M the por^ 
through which the gas passes are short in comparison wffh their 
diameters the gas flow is simflar to that of water through a hole 
in the side of a tliin-walled container. This process is known as , 

effusion. The velocity of effusion is proportional to where 

p and p are the excess pressure of the gas above that of the surrouncL 
ing air and the density of the gas or gas mixture passing through 
respectively. When the pores are reduced in diameter the_ flow 
of gas is controfled by the viscosity of the gas [cf. p. 123]. ^In 
both these instances the gas passes through as a whole so tha.t li 
it is a mixture of gases no partial separation is effected. Conditions 
are very different, however, when the pores are so fine that their 

diameters are comparable with those of the gas iholecules. Geaham, 

who first investigated these phenomena about 1840, discovered 
that the rate of diffusion at a given temperature was directly pro- 
portional to the difference in pressure between the two sides of the 
membrane, and inversely proportional to the square root of the den- 
sity of the gas. This is known as Graham’s Law of diffusion. 
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Hence, for a given pressure difference, hydrogen diffuses four 
times as quickly as oxygen tlnrough the same membrane, since, 
under the same conditions, the density of a gas is directly pro- 
portional to its molecular weight. This implies that if an oxygen- 
hydi'ogen mixture is introduced under pressure into a porous vessel 
the mixture passing through will be four times as rich in hydrogen 
as in oxygen. 

The diffusion of gases through porous media may be investigated 
experimentally with the aid of the apparatus shown in Fig. 5*2 [a). 
A glass tube 60 cm. long and 0-5 cm. wide passes through a cork 
from a porous pot A to a vessel containing coloured water. The 



(a) Fio. 6*2. 




cork is pushed well within the pot and covered with sealng-wax 
to make the joint air-tight. A large jar is held over the pot and 
coal gas introduced into it. Bubbles of gas at once escape from 
the tube at C showing that the pressure in A is tending to increase. 
If the jar is removed the stream of bubbles at once ceases and the 
liquid rises in the tube. In the first part of this experiment the 
coal-gas passes more rapidly into the pot than the air inside can 
escape, so that the pressure rises. In the second part, the coal-gas 
which has found its way into the pot diffuses more rapidly through 
the walls than does the air pass inwards so that the pressure inside 
is reduced. 

A similar experiment may be made using carbon dioxide instead 
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of coal gas. For this purpose the apparatus is arranged as in Fig. 
5*2 (6). A jar containing the carbon dioxide is placed so that 
there is an atmosphere of the gas round the porous pot. The 
liquid rises in the tube, showing that air is diffusing more rapidly 
from the pot than carbon dioxide is diffusing inwards. When the 
jar is removed, the pressure inside the apparatus increases and, 
depending on the relative amount of carbon dioxide which has 
entered the pot, a bubble of gas may escape from the tube immersed 
in the liquid. 

The Diffusion of Solids. — Diffusion in solids has been investi- 
gated by Sm Bobebts-Aitsten, who placed an alloy of lead and 
gold (5 per cent, gold) in contact with a piece of lead, the two 
surfaces in contact being accurately plane and held together under 
pressure. The whole was heated at 165° 0. for one month. On 
analysing various sections it was found that diffusion had taken 
place. The experiments were repeated at room temperature when 
it was observed that diffusion still occurred, only at a diminished 
rate. 

The diffusion of one solid into another finds an important applicar 
tion in the cementation ’’ process of converting iron into steel. 
The iron is placed in intimate contact with powdered carbon and 
then heated. The depth to which carburization takes place depends 
upon the temperature and time of heating. 

Osmosis. — ^When red blood corpuscles are placed in water they 
expand rapidly and ultimately burst, but if they are placed in a 
strong salt solution they shrivel up. This phenomenon is char- 
acteristic of the membranes surrounding many animal and vegetable 
cells, for these allow water to pass through freely but retard or 
entirely prevent the passage of solids. Osmosis is the name given to 
this spontaneous passage of a liquid through a membrane. Its 
effects were first observed by the Abbe Nollet in 1748, but it 
was left to a botanist, Pfeeeeb, to investigate it quantitatively. 
A piece of wet parchment paper is stretched over the end of a large 
thistle funnel and when nearly dry it is coated with glue along the 
boundary. The inverted funnel is partly filled with a solution of 
sodium chloride, cane-sugar, or some other substance, and immersed 
in water [see Fig. 5*3].' After standing for some time the level of 
the solution will have risen considerably ; water must have passed 
through the parchment into the solution. This*statement is not 
complete, for water will have passed from the solution into the water 
in the beaker at the same time as water passed from the beaker 
into the solution. This osmotic flow arises from the bombardment 
of the molecules upon the membrane; on the one side there are 
only molecules of water arriving at the membrane, whilst on the 
other hand, there are molecules of water and solute as well. Now such 
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membranes are only slightly permeable to dissolved salts and the 
resultant effect is that more water molecules pass in one direction 
than the other. 

An osmotic flow of the solvent is also observed when a membrane 
separates two solutions of the same nature but differing in concentra- 
tion. The flow of solvent is such that the concentrations of the 
solutions tend to become equal, i.e. there is an excess of solvent 
passing from the weaker to the stronger solution. 



Fig. 5-3. 


Fig. 5-4. 


Semipermeable Membranes. — ^A membrane which permits 
the solvent but not the solute to pass through it is termed a semi- 
permeable membrane. One of the best-known membranes of this 
class is copper ferrocyanide. ♦ 

Experiment. Place a weak solution of potassium ferrocyanide in 
the bottom of a beaker and when it has ceased to move introduce 
a strong solution of copper 'sulphate so that it lies below the feiro- 
cyanide, solution. A thru gelatinous precipitate of copper ferrocyanide 
* is formed : it separates the two solutions. The membrane does not 
increase in thickness since the dissolved substances cannot pass through 
it, but after the lapse of about two hours it will be seen that the mem- 
brane has a distinct bulge upwards. This proves that more water 
passes downwards than flows upwards. 

Osmotic Pressure. — ^The membrane of copper ferrocyanidepre- 
pared in the above experiment is too fragile to support more than a 
small pressure difference, but its strength is very considerablyin- 
creased if it is produced in the walls of a porous pot. It is then found 
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that when a solution is placed in the pot and this is immersed in the 
solvent that the spontaneous differential flow of liquid thi'ough the 
membrane can be completely stopped by the application of a suitable 
pressure ; the flow is reversed if the pressure is increased beyond this 
value. 

Deflnition* — That pressure which must be applied to a 
solution to prevent the spontaneous differential flow of 
liquid through a semipermeable membrane separating the 
solution and solvent is termed the osmotic pressure of the 
solution. 

To determine the osmotic pressure of a weak aqueous solution 
the apparatus shown schematically in Pig. 5’4 may be used. A 
mercury manometer is connected to the poi’ous pot containing 
the solution and the air in the connecting tubes displaced by some 
of the solution so that temperature changes do not aflect the 
volume between the pot and the gauge. Water enters the solution 
and the pressure inside the pot increases. Ultimately this pressure 
ceases to change and this constant pressure, which is measured by 
the manometer, is the osmotic pressure of the solution. The serious 
objection to this method lies in the fact that the water entering the 
solution changes the concentration of the latter so that the readings 
do not correspond to the osmotic pressure of the original solution : 
neitherdo they to the final solution, for its concentration is not uni- 
form and it is the concentration of the solution in the immediate 
vicinity of the membrane' which determines the osmotic pressure 
which is measured. It is better to measure the external pressure 
which must be applied to the solution to prevent the passage of the 
solvent. Such methods must always be used for concentrated solu- 
tions. Lord Berkeley and Hartley have developed this method, 
but their apparatus is too complicated for a detailed description here. 

The Fundamental Laws of Osmotic Pressure. — (a) The 
osmotic pressure of a dilute solution is directly proportional to the 
concentration, i.e. it is inversely proportional to the volume of the 
solvent containing a given mass of dissolved substance. 

• (6) The osmotic pressui*e of a dilute solution is directly pro- 
portional to its absolute temperature [of. p. 178]. 

The analogy between these two laws and those of Boyle and of 
Charles is very apparent : in fact, the osmotic pressure of a dilute 
solution is the pressure which the dissolved substance would exert 
if it existed as a gas occupying the same volume and being at the 
same temperature as the solution. 

The above laws apply to dilute solutions of non-electrolytes, but 
experiment shows that solutions of electrolytes have higher osmotic 
pressures than they would indicate. This is.explamed by the fact 
that such substances exist as ions when they are in solution. 
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Plasmolysis and Isotonic Solutions. — ^The Dutch, botanist 
PE Veies discovered in 1888 that the cells contained in the leaves 
of certain plants could be used in determining the osmotic pressures 
of various solutions. The plants which he mentions are Trades- 
cantia discolor , Begonia manicata^ e^ndi Curcuma rubricaulis. These 
cells, which are approximately hexagonal in cross-section, have cellu- 
lose walls lined with membranes of protoplasm. The membrane 
is permeable to water but not to salts — or rather not to many 
salts. The liquid in the cell contains salts in solution and 
therefore has a definite osmotic pressure. The cellulose wall is 
sufficiently strong to withstand forces tending to change its shape. 
If, therefore, these cells are immersed in a solution having an 
osmotic pressure equal to their own, the cell, viewed under a micro- 
scope, will present its normal appearance [Eig. 5-5 (a)]. If the cell 



(a) ib) (c) 

Fig. 5*5. 


is placed in a solution having a greater osmotic pressure than its 
own, water will pass from the cells into the solution ; the cells 
shrink and present the appearance shown in Figs. 5*5 (6) and (c). 
If the ceU is placed in a solution the osmotic pressure of which is 
less than its own then water wiU pass into the cell, but this wiU not 
be distended on account of the relatively strong cellulose wail which 
forms the external boundary of the ceil. 

In order to find a solution which shall have an osmotic pressure 
equal to that of the cell, experiments are first made with a solution 
having an osmotic pressure greater than that of the cell. The 
solution is then diluted gradually until the ceU just maintains its 
normal form. When this occurs the solution in the ceU and the 
one in which the cell is immersed, each exert the same osmotic 
pressure, ie. they are wo^omc with one another. The above 
method of determining osmotic pressure is referred to as the plas- 
molytic method. 

Dialysis. — ^In his famous researches on the phenomena, of 
diffusion, found that some substances (mineral acids and 
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salts), the so-called crystalloids, were able to pass through certain 
semi-permeable membranes. The other type of substance (gum, 
for example) is known by the name of colloid. The line of de- 
marcation between the two types is not sharp, some substances 
behaving like crystalloids or colloids according to the nature of 
the solvent in which they are dissolved. The classical example 
is that of sodium stearate, C 17 HS 5 . COONa, which acts as a colloid 
when an aqueous solution is made, whereas it exhibits the properties 
of a crystalloid when in alcoholic solution. Crystalloids are such 
that when they are dissolved in water, they produce a diminution 
of its saturation vapour pressure, a fact which is revealed by the 
lowering of the freezing-point and the raising of the boiling-point 



of the water ; on the other hand, colloids produce no appreciable 
effect. Whenever a colloid is made it almost invariably contains 
a quantity of the crystalloid from which it has been prepared. 
The separation of these substances is carried out by means of a 
process known as “ dialysis.” The mixture is placed in a cyhndrioal 
vessel, the bottom of which consists of parchment paper. The 
whole is placed in a liquid medium capable of dissolving the crystal- 
loid. The crystalloid diffuses thi*ough the membrane until the 
concentration of this substance is the same on both sides of the 
medium. Erequent renewals of the solvent are therefore made, 
and in this way a colloid, ^ free from crystalloids, is obtained. 

The membranes which are used for (fralysis are gold-beaters’ 
skin, fish bladder, and parchment paper. The speed at which 
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dialysis takes place rapidly increases -witii rise in temperature, and 
in order to effect this increase the hot dialyser shown in Eig. 5*6 
may be employed. The colloid from which the crystalloid is to be 
removed is placed in a two-litre beaker. This is heated with the 
aid of a suitable burner. A membrane is attached by string to a 
cork suitably bored and fitted with two glass tubes to allow dis- 
tilled water to pass into the bag which the membrane forms, any 
excess being removed by means of the automatic device indicated. 
This excess water carries with it the crystalloid which has passed 
through the membrane. 

Surface Energy and Surface Tension. — Everyone will have 
noticed that when a small amount of liquid is brought into close 
contact wdth a solid, the liquid either spreads itself over the surface 
of the solid, or else collects itself into small drops, and that most 
liquids tend to rise in capillary tubes to a distance above the surface 
of the liquid in the containing vessel, whereas some, such as rnercury 
and molten metals, act in an exactly opposite ways To explain 
these phenomena it has sometimes been maintained that the surface 
of a liquid must be endowed with some peculiar property, e.g. 
the suiiace may be skin-like. LANaMUiK and N. K. Adam have 
shown that all these properties of liquids can be attributed to 
molecular happenings inside the liquid. The hypothesis that the 
surface of a liquid has a skin-like structure has been superseded by 
these more modern views. The fact that the molecules of a liquid 
are free to move has been confirmed by experiments on Brownian 
movement. These molecules must be very closely packed together, 
for experiment has shown that a liquid resists forces tending to 
compress it, even if the forces are enormously large. Since the 
molecules are so close together, the forces of attraction between 
neighbouring molecules in liquids must be very large. When, 
however, a molecule is at the surface of the liquid it will not be 
attracted equally in all directions, for there is no liquid above it. 
In consequence of this such molecules wiH tend to move towards the 
interior of the Mquid. Since the molecules occupy space, i.e. there 
is a definite number per cm.®, the surface tends to diminish in area. 
In support of these remarks we have the fact that liquids tend to 
assume that shape which has the minimum area for a given 
volume. If a drop is subject to other forces comparable with 
those discussed above its shape will be slightly distorted from 
that having the minimum area, e.g. a rain-drop hanging from a 
window-pane. 

In virtue of these forces, directed inwards, molecules at the 
surface will possess a certam amount of energy due to position. 
The amount of tins energy per urdt area is termed the surface 
energy. The surfaces of both liquids and solids possess .surface 
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energy but it is only when the surface is mobae ^ 
become apparent. The fact that a liquid suiface is the seat of 
notential ^eLrgy manifests itseK very vividly when a soap film 
rn^mS for t&quid is projected in aU directions with a consider- 
IbirvetS^ i.e the Potential energy has been converted into 

“aTqS film be formed between two limbs of a bent wire 
uei a iiquiu g ^ horizontal straight 

wire,’ XY, placed across them. Sup- 
pose that a force, F, acting normally to 
XY is necessary to maintain equilibrium 
when the film is vertical. Then F must 
be balanced by a force on the wire due 
to the film. Suppose y is the magni- 
tude of this force per unit length of 
the wire. If the length of XY is 1, the 
total force on the wire from the above 
cause is 2yl, the factor 2 being intro- 
duced since the film has two sides. Hence 



F = 2yl. 

y is termed the surface tension of the liquid. 

[It should be ndted that if parallel wires are used for the purpose 
of forming a film between them, the system is unstable. For 
example, if F, is too large, the force 2yZ never becomes sufficient to 
balance F for I remains constant. The instability does not matter 
as far as theory is concerned, but with the stable arrangenieuf 
here adopted a rough estimate of y may be made. If the weight 
of the wire is not sufficient it may be loaded. Then F = mg, 
where m is the total mass of the wire and its load.] 

On the Relation between Surface Energy and Surface 
Tension. — ^Again consider Fig. 5'7. Let XY move through a 
small distance Ax to a parallel position XjYi, the external force on 
the wire being F. Now when a film is stretched in this way its’ 
temperature falls unless heat (thermal energy) is communicated 
to it. We shall suppose that the heat necessary to restore the 
film to its original temperature has been suppli^. jji 

If E is the surface energy of each square centimetre of the fito, 
the increase in surface energy 'will be 2Z . Ax . E, the factor 2 bemg 
introduced since the fifim has two surfaces. The work done by 
the stretching force will be F . Ax. But we cannot equate these 
two quantities, for heat has been communicated to it from ex- 
ternal bodies. K H is the heat (theimal energy) supplied per 
unit area of the increased area of the film to restore the tempera- 
ture to its original value, 21 . Ax ."B. ■wfil be the heat required 
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to keep the temperature constant in this particular instance. 
We may therefore write 

2l.Ax\M:==¥.dx+2l.Ax.m 
Now the force F is equ<al and opposite to the pull of the film on 
the wire XY, when the film is in equilibrium. If y is the pull per 
unit length, then 22 . y = F, and we have 

22 . zlaT . E = 2Z . Ai? . y + 22 . Ar . H, 
i.e.,^ ■ E"=y + H. 

The force y exerted on each unit length of the whe is called the 
surface tension of the liquid. 

The above shows that the surface energy of a liquid is really the 
sum of two quantities — a ‘^thermal” part denoted by H, and a 
mechanical ” part y , or E — H ; we see, therefore, that the surface 
tension is equal to the ^‘mechanical’’ part of the surface energy, 
Helmholtz called this “mechanical” part of the surface energy 
the free energy of the surface^ or the surface free energy. 


The Pressure Difference across a Spherical Surface,— Let r, 
Fig. 5*8 (a), be the radius of a spherical bubble of gas in a liquid. 
Let P be the pressure outside the bubble. We have to show that 



the pressure inside is equal to P + p, where p is a quantity to be 
determined. For this purpose let r become r + where is 
a very small quantity, in fact so small that the pressure inside is 
not altered thereby. Moreover, let heat be supplied to the film 
so that its original temperature is restored. The area of the 
curved surface has increased from to 4jr(f + If y is 
the smface tension of the liquid or, as we have just seen, its free 
surface energy per unit area, the increase in free surface energy is 
4:7z:y[r + AtY since {Ar)^ may be neglected. This 

is equal to the work done in expanding the bubble. Since pressure 
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is defined as the force per unit 

inner surface of the bubble is 4^f(2 + f), f f-* “ another 

surface is 47tr"P Since these forces are opposed to one anotner 

S^. wk ion. on the Shn » 4--, ./I.. ‘™ 

expressions obtained for this work, we have 

4OTr2p . idr — 

2y 

or P = T- 

If the bubble had been a soap bubble this excess pressure would 
have been X for a soap film has a double surface. ^ ^ ^ 

The fact that the pressure inside a soap bubble 

the radius increases is shown by the foUomng 

me ramus about 2 cm. in diameter and 

brass cups, X and Y, Fig. 5 8 (0), aDouu ^ e ^ 

1 cm long, are connected to stop-cocks A, B, and C as snoTO. 

The open Inds of X and Y are immersed in a soap 

bubbles differing considerably in diameter blown. ^ ^ ?P®P ^ 

C cloSa while the larger bubble is'being formed, and vice .versm 
i rien olorf »d ft. two tobUe. pW >» 
with each other by opening the stop-cocks B and 
from the smaUer bubble into the larger one, causing the latter to 
exnand and the former to shrink. This process continues until the 
ra^us of curvature of the lai^er bubble is equal to the radius of 
ciSrature of the soap film which finaUy protrudes l>®lo’^ °P®“ 

end of Y andwhich isaportionof a spherical 

outlines on the diagram. After a time the thickness of the wal^ 
of the large bubble become so thin that it bursts : the film remaining 

on Y at once becomes flat. 

Pressure Difference across a Cylindrical Surface.-— e us 
now assume that Fig. 6-8 (a) represents the ^ 

cylindrical bubble. Since it is difficult to produce such a bubble 
m a liquid we wiU assume that it consists of a soap _ § 

ri .0 smfaces. Consider a length I of this cyhnde^ men r 

becomesY + Jr, as before, the increase in area is 2[2jr(f + 

jTftSLt iirgy b, suppli^l ft ft. am ft 

assumes its original value. The increase in the free surface ener^ 
is 4ji;Arly. Now the work done, due to the pressure difference^^, 

is 2nrlp . Ar. Equating these two quantities we have . 

When there is only one cylindrical surface the excess pressure is—. 

Andie of Contact.— If a piece of clean glass is inserted into water 

so that it is in a vertical position, it wffl be found 

ijear the glass has been drawn some distance beyond the level ot 
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the rest of the water. The ABC, Fig. 5*9 (a), i.e. the angle between 
the solid surface in the water and the tangent to the water surface 
■\^here it meets the glass, is called the angle of contact for a water- 
glass interface. For water in contact with glass this angle is very 
small, whilst for benzol in contact with glass it is zero. 

When the above experiment is repeated with mercury the liquid 
near the glass is depressed below the general level of the mercury 
surface. The angle of contact is again ABO, Fig. 5*9 (6), but it is 
now quite large (approximately 135®). It should be noted that, 



Fio. 5*9. — ^Angles of Contact and their Measurement. 


although the surface tensions of two liquids may be equal, they 
may not exhibit the same capillary phenomena, for their angles of 
contact with a given material may be different. 

The effect of the angle of contact on the shape of a small quan- 
tity of liquid placed on a flat surface is easily shown as follows 
Water placed on a clean glass surface spreads itself over the 
glass, but if water is similarly placed on a greased plate it remains 
as a drop.” Traces of dirt or grease alter the angle of contact 
very considerably ; that is the reason why rain water persists as a 
drop when it alights on a window-pane, for such a piece of glass is 
never chemically clean. 

To determine the angle of contact between water and glass 
coated with paraffin wax, N. K. Abam used an apparatus similar 
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to that shown in Eig. 5-9 (c). A is a section of the plate at nght 
to "ri B Is hid in » clamp wMoU may to rotated 

about a horizontal axis through B. The clamp 

vertically by means of the screw C, and the carnage E which it 

opCTates^ glass trough, coated inside with Pf 

it may be filled with water above the level of its sides wMch 

LT^gronnd Sat on the top. "“nS 

with tiie aid of the screws Sj and S^. Gi, Gj and ^ 

angular pieces of glass coated with wax and resting on the sidea 
of ^the trough, and in contact with the liquid. By moving Gy 
aid tLrGfaeross from the right-hand side of the troi^gh to the 
poaition, indicated, toe anr^ of toe 

then inclined to the hori- 
zontal and lowered so that 
it is partly immersed in the 
water. The inclination of 
the plate is altered until 
the smTaoe of the liq^uid 
is horizontal on one side 
of the i>late. If 9? is the 
angle between the trace of 
the plate and the surface 
of the water on the above 
side of the plate (as 
measured with the aid of 
a protractor) then 9? is 
the angle of contact re- 
quired, 

In actual practice it is 





Fig. 5* 10.— Angle of Contact of 
Mercury with Glass, 


found that cp depends on whether the plate A is being pushed into 
the water or raised. This effect is easffy observed by usmg the 
rack and pinion to impart the necessary vertical motions to the 
plate, and the corresponding angles of contact measmed in t e 
Lual way. If (p^ and 9, are the “ advancing ” and receding 
angles of contact, it may be shown that tp = + (p%)- 

An interesting method for investigating the angle of contact 
between mercury and glass is as f ollows The level of some meromy 
in an inverted spherical flask is adjusted by raising ordowering the 
reservoir D, Kg. 5-10, until the mercury surfacemthe flaskis plane 
at points where it meets the glass. The angle BAG = ^ is t e 
req^-ed angle of contact. If 2;. is the length AC, and r the radius 

. I A 
of the flask, sm ^ == —. 
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Liquid in Contact with a Solid.— We now have to account for 
the fact that the surface of a liquid near its place of contact with 
a solid is, in general, curved, even when gravity is the only external 
force acting throughout the mass of the liquid. Let ABC, Fig. 5* 11, 
be the surface of the liquid. Consider the forces acting on a 
molecule M in the surface of the liquid and near to the solid D. 
They are 

(i) its weight acting vertically downwards ; 

(ii) the attraction of the solid on M, the direction of which will 
be along that normal to the surface of, the solid which passes 
through M (since M is very close to the solid) ; 

(iii) the force arising from the attraction of neighbouring liquid 
molecules. This will be directed 

towards the interior of the ‘ 

liquid. 

Now the resultant force 
exerted on a molecule in an 

ideal liquid at its free surface ^ 

must be normal to the sur- ~ 

face. Hence the normal to the SqIJ^'^^ s liquid 

liquid surface at M wffl be s.ii._Liq^d m Coataot with 

determined by the resultant of a Solid, 

the above three forces. In 

general, this resultant does not act along (i), i.e. the surface of 
the liquid at M is not horizontal. 

For a molecule near C, a point at a considerable distance from 
the solid, the only finite forces are (i) and (iii) and these then act 
vertically downwards, i.e, the surface is flat. 

For molecules at B, for example, there is a finite force (ii) but 
less than the force (ii) on M ; in consequence, the surface is more 
nearly flat. 

The Rise of a Liquid in a Capillary Tube. — ^For the sake of 
simplicity we shall first assume that the angle of contact is zero. 
Let AC, Fig. 5L2 (a), be the surface of a liquid in a capillary tube 
of radius r. We assume that AC is part of a sphere of radius r. 
The pressure over the curved surface is everywhere atmospheric. 
At B, a point just below the surface and therefore in the liquid, 

the pressure is less than atmospheric by an amount-^ [cf, p. 110]. 

At D, a point below B and lying in the same horizontal plane as 
the surface of the liquid outside the tube, the pressure is atmo- 
spheric. Now the difference in pressure between the two points B 
and D is equal to the pressure exerted by a column of liquid of 
height BB = h (say). If p is the density of the liquid, this difference 
is gph. The pressure at B is therefore less than atmospheric by 


Fig. 6-11. — ^Liqtdd ia Contact with 
a Solid. 
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But it has already been shown that this difference is 
We therefore have 


this amount 
2y 
r ' 


?y. 

r 




Now suppose that the angle of contact between the liquid and 
the material of the tube is <p — cf. Fig. 5*12 (d). Let R be the radius 
of curvature of the liquid surface at its lowest point— if the bore of 
the capillary is small B is constant at all points on the liquid sur- 
face. Then, as before, if :7r is the atmospheric pressure, 

Pressure at B = il — 

But pressure at D == 77 = pressure at B + gph. 

. ?y 

• • E 


:gpL 


But r = R cos (p ; therefore — -y — = gph. 

It should be mentioned, perhaps, that if (p is finite, values of 



Pin. 5*12, — ^Rise of Liqtdds in Capillaoy Tubes. 


the surface tension of a liquid deduced from measurement of its 
rise in capillary tubes are unreliable, since the magnitude of (p 
is always uncertain; moreover, (p varies considerably with the 
degree of contamination of the surfaces in contact. The above 
theory is necessary, however, for academic purposes. 

The Rise of a Liquid between Vertical Plates. — (a) Parallel 
plates. To calculate the amount of this rise we may use Fig. 5*12 (a) . 
Let the vertical lines in that diagram now represent sections of 
the two parallel platej? at distance d apart. We assume AC to be a 
section of a cylindrical surface of diameter d so that the pressure at 

B is less than atmospheric by an amount or since d = 2r, 

T d 

Proceeding as before we obtain (if the contact angle is zero), 
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(b) Inclined Plates*— Fig, 5*13 represents two vertical glass 
plates, AOB and OAD, inclined to one another at a small angle 0. 
When these are inserted in a liquid the latter rises between the plates. 
To determine the shape of the curve in which AOC, the vertical 
plane through OA and bisecting the angle 0, i.e. the plane of co- 
ordinates, intersects the liquid surface, consider an element PQR 
of the surface at right angles to the intersection of the liquid surface 
with the plane AOC. Let 
(aj, 2 /) be the co-ordinates, re- 
ferred to OC and OA as axes, 
of Q the middle point of the 
element PQR. [PiQiRi is 
another such element, Notice 
that the projections p, q, and r 
of the points P, Q, and R re- 
spectively, on the horizontal 
plane through Ox do not lie in 
a straight line.] Then if the 
liquid wets the glass, the sur- 
face at PQR is part of that 
of a cylinder whose diameter 
is equal to the distance be- 
tween the plates at Q. This 
distance is xO, since 0 is small. 

The height y to which the liquid rises is therefore given by 

2y 

i.e. xy = 2y/gpd — constant. The surface is therefore part of a 
hyperbola, whose as 3 ?mptotes are the axes of co-ordinates. 

Experimental Determination of Surface Tension,-— (a) 
Rise in a Capillary Tube Method. Select a piece of glass tubing 
about 0*4 cm. diameter and heat it in a bunsen flame, rotating the 
tube all the time. When the glass begins to soften, apply a gentle 
p3:essure along its length so that the walls of the tube thicken. 
Then remove the glass from the flame and slowly pull the ends apart. 
The capillary tube thus constructed is clean, a condition which is 
absolutely essential if a reliable value for y is to be obtained. 
When the tube is cold select a length from the centre of the drawn- 
out portion and attach to it a very thin glass rod, R, drawn out to 
a point and bent twice at right angles as in Fig. 5'14, Bands Bi 
and Bjs cut from a length of rubber tubing enable this rod to be 
attached to the tube easily. 

Now clamp the capillary A in a vertical position and place the 
liquid whose surface tension is to be measured below the tube so that 



Fig. 5*13. — ^Rise of a Liquid between 
inclined Vertical Plates (end effect 
neglected). 


rt 
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flip latter is immersed to a greater depth than thatat which it is to 
wlfaMXn raise it sfghtly. If the Uquid faUs back readily 
as the tube is raised we may assume that the^tube and liquid aie 
not contaminated. Continue to raise the tube until the end of 
the rod is just about to break through the hquid surface. To 
measure theheigW of the Uquid in the capillary a vermer microscope, 

M should be used. The microscope is focussed on the lowest point 
in the cepllary «d the r^g on ^ 
observed. The vessel containing the hquid is then lemoved, care 

Sakentoseethattherodisnotdisturbed. The microsco^ is 

thenfocussedontheendoftherodandthereadmgnoted. Thediher- 

ence between these readings gxyes 

the height of the liquid in the 
cax)illary. These observations 
should be repeated. The tube is 
then broken at the point corre- 
sponding to top of the meniscus 
and the radius found with the 
aid of a vernier microscope. To 
do this several readings of two 
diameters- mutually at right 
angles are made. If the mean 
values of each set are equal to 
within about 5 per cent, the mean 
value can be taken as a measure 
of f. If the discrepancy is greater 
than this the tube should be 
rejected and another one con- 
structed. It often saves much 
time if the mean diameters of the 
two ends of the tube are measured 
before commencing the experi- 
ment. If these are circular the chances will be that the rest of the 
tube will have a circular section. But these values must not be used 
in calculating y since it is the radius at the point B, Fig. 6-^, whjch 
determines the pressure change in crossing the surface of the liquid. 
The value of the surface tension may then be calculated from the 

formula ^ready proved. ■, i. x ij 

[At this point it is convenient to ask. ourselves what would 
happen if a tube of radius r and length less than where A is 
given by 2 y = gpM were dipped in a liquid of surface tension 
y and density p. UsuaUy, i.e. when 'the len^h of the tube is 
greater than ft, it is the height of the liquid in the tube which 
adjusts itself until the equation is satisfied. But when tMs is no 
longer possible, as in the problem now contemplated, the only 



]Fig, 5*14. — ^Measurement of Sur- 
face Tension by Bise of Liquid 
in a Capillary Tube. 
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quantity in the above equation which is a variable is r; The 
liquid therefore rises to the top of the tube and there forms a surface 
which is concave upwards and whose radius is gi'eater than r. 
Its value is given by hr, where is the height of the 

liquid in the capillaiy .] 

Note on Comparing Experimentally the Surface Tension 
of Two Liquids. — -If the “rise in a capillary tube method is 
adopted it is not necessary to determine the radius of the tube if 
the tube is arranged so that the liquid meniscus stands in turn at 
the same position in the tube when the heights to which the liquids 
rise are determined. Then 

== and yg ^ 

• Zi =^=='£ 1 ^ ■ ■ 

* ’ 72 

and — may be determined directly bv means of Hare’s apparatus. 

Pa 



Fig. 5*15 (a).-— Apparatus for Determining Surface Tension of a Liquid, 

{b) Jaeger* s Method . — This is based on the fact that the excess 
pressure inside a spherical bubble of air inside a liquid is 2y/f 
where r is the radius of the bubble. 

The experiment consists essentially in determining the maximum 
pressure required to produce an air bubble at the end of a vertical 
capillary tube immersed in the liquid whose surface tension is 
Wng determined. A capillary tube about 0*05 cm. in diameter 
is constructed as in (a). This is placed vertically downwards 
in a vessel, A, Fig. 5.15 (a), containing the hquid whose surface 
tension is required. It is connected to a manometer, C, containing 
xylol, and also to a Woulf’s bottle, D, fitted mth a dropping funnel, 
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B. Mercury {or water) is placed in B and permitted to run slowly 
into D. A difference of pressure between the inside and the outside 
of the apparatus is at once shown if the apparatus is air-tight. 
When the pressure in D reaches a certain value bubbles appear in A. 
These should be formed singly and at the rate of about one in ten 
seconds. The first condition is obtained by reducing the volume 
of air in the apparatus so that when one bubble breaks away from 
the end of the capillary tube, the pressure inside the apparatus is 
reduced to such a value that it is less than the maximum pressure 
required to blow the bubble ; the second condition is obtained 
by adjusting the rate at which liquid flows into D. The maximum 
height h of the manometer is recorded. If p is the density of the 
liquid in the gauge, the pressure recorded by it is where g is the 
acceleration due to gravity. But this pressure difference is not en- 
tirely due to the effects of surface tension, for part is attributable to 
the pressureduetothefactthattheorifice of the capillaryisat a depth 
d below the surface of the liquid. If is the density of this liquid, 
this pressure amounts to gAdy so that the pressure difference directly 
attributable to surface tension is g[ph — Ad']. We therefore have 

^■=g{ph-Ad). 

Hence y may be calculated when the other variables in this equation 
are known. 

To discover the reason why the value of 
r used in the above equation is equal to 
the radius of the capillary tube at its lower 
end, let us suppose that the tube is uniform 
in diameter and that the pressure inside the 
apparatus is such that the centre of the hemi- 
spherical liquid surface is at Ci^ — see Eig. 5*15 
(6). We are justified in assuming that this 
surface is part of a sphere if the radius of 
the capillary is not large, and the angle of 
contact between the liquid and the tube 
is 25ero. Suppose that the pressure inside the apparatus is in- 
creased so that the centre of the surface is at C 2 , the radius 
stili being r, but that if the surface is forced down beyond this 
position its radius increases. When Cg is the centre, let the radius 
be(r-f zfr). The pressure difference across the surface is then 
less and the bubble grows since the pressure inside the apparatus 
is too great for the surface to be in equilibrium. Thus a bubble 
of air escapes, and the liquid surface will lie entirely above C 2 , if the 
removal of one bubble is sujBficient to reduce the pressure insi^^ 
the apparatus below the maximum pressure necessary to cause a 
bubble to escape from the tube. If not, several bubbles will escape. 



Fig. 5*16(6), — Forma- 
tion of a Bubble at 
the end of a Capil- 
lary Tube (greatly 
enlarged). 


THE NATURE OF FLUIDS 


The great advantages of this method are that it may be applied 
to determine the surface tension of a molten metal, or to investi- 
gate how the surface tension of a liquid varies with temperature, 
or how that of a solution varies with the concentration of the 
dissolved substance. The method is particularly suited for such 
determinations as the two last, since it is not necessary to know 
the radius of the capillary tube. Also, since a new surface is 
continually being formed in the liquid the effects of contamination 
are reduced to a minimum, and finally the radius t can be determined 
before observations are made [cf . method (a)}. 

Unfortunately certain difficulties arise when an absolute deter- 
mination of the surface tension of a liquid is being made by this 
method. One is seldom quite sure whether 
or not the size of the bubbles, when the 
excess pressure inside the bubble is a O 

maximum, is controlled by the internal Xx 

or the external radius of the tube. If / \ 

these radii differ considerably and the 
surface tension is known at least approxi- 
mately, simple substitution of these values 
in the appropriate equation reveals the 
correct one. 

In addition, although for many years ri 

it has been maintained that the method , 
gives results which are independent of the 
angle of contact of the liquid with the j) 
material of the tube, Poetee has recently H t 

shown, at least for angles of contact (<x) ^ ^ 
greater than n/2, that when the external 
radius is the determining one, the calcu- \ * "" f ^ 

lation does not involve the angle of con- 
tact, but that it is quite otherwise when , 

the excess pressure is determined by the 

internal radius. Porter also remarks that 5-m.— S^face Ten- 

it is a matter of some surprise that the Methoda.^^ ^ ' 

belief that the results were always inde- 
pendent of the angle of contact should ever have gained credence, 
although that belief is generally held. 

(c) Ordinary Balance Method . — The surface, tension of a 
liquid which wets glass may be determined as follows. A glass 
plate. A, Fig. 5'16 (a), (a microscope slide) is supported by means 
of a metal clip, C, from below the pan of a balance—the lower edge 
of the slide is made horizontal. The vessel, D, containing the 
liquid is placed on a small table below the slide. The table 
may be raised by means of a screw, S. The balance is equilibrated 
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and left free to swing. The adjustable table is then screwed up 
till the liquid touches the lower edge of the plate. This is 
shown by a sharp jerk of the pointer as the microscope slide is 
pulled down by surface tension. Masses are then added to the 
other pan of the balance until the slide is withdrawn from the 
liquid. Since the lower edge of the slide had been in the general 
level of the liquid surface there is no correction for buoyancy. 
If I is the length and t the thickness of the slide at its lower edge, 
the force due to surface tension acting on it is 2(Z + t)y. This is 
equal to mg^ where m is the mass added to the pan to restore equili- 
brium. Hence y may be determined. 

An alternative method is as follows. Having screwed up the 
adjustable table till the pointer jerks, observe the position of the 
table (suitable scales may be arranged as on a spherometer). Instead 
of restoring equilibrium as above, the table is screwed up through 
a distance li until the pointer is back at zero. Then the buoyancy 
force just balances the force due to surface tension, and if the vessel 
containing the liquid has a large surface area, so that ^ will be also 
the depth of immersion of the slide, then 
2(Z+f)y= 

where p is the density of the liquid, 

(d) Soap Solutions .^ — ^The plate method described above may 
easily be adapted to determine the surface tension of a soap solu- 
tion. A glass or wire frame, as shown in Fig. 5*16 (6), is made and 
is supported from below one pan of a balance, and arranged that 
when the balance is equilibrated, the horizontal portion of the 
frame is about 0*5 cm. above the general surface of the liquid. 
The frame is then immersed completely and extra masses, m, 
added to the right-hand balance pan until the frame is in the same 
relative position as before. If I is the length of the horizontal 
portion, the weight of the film being negligible, 

[This method may be used for liquids such as water, the horizontal 
portion of the frame then being nearer to the general surface of 
the liquid.] 

Drops and their Formation.— Suppose that a glass tube 
about 2 mm. in diameter has been connected to a wide tube by 
means of rubber tubing and a narrow capillary glass tube, and the 

^ Frof. Boys recommends the following soap solution. To a litre of dis- 
tilled water contained in a weU-stoppered bottle add 25 gm. of sodium oleate, 
and let it stand for 24 hours. Then add about 300 cm.® of glycerol, shake 
well, and allow to stand for a week. By means of a siphon remove the clear 
liquid, leaving the scum behind. Add two or three dcops of liquid ammonia 
to the solution and store in a dark cupboard. The solution must not be 
warmed or filtered. 
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id) 

Fig. 5*17. — ^Drops and tlieir Forma- 
tion. (a) Early Stages in the 
formation of a Drop. (6) Drop 
showing the formation of a Waist, 
(c) A large Drop and Plateau’s 
Spherule. 


whole filled with a liquid — say, water. The capillary tube is merely 
to control almost entirely the rate at which the liquid escapes 
when the apparatus is held in a vertical position with the narrow 
tube pointing downwards. If the 
water leaving the tube is care- 
fully watched it will be seen to 
assume, in turn, shapes whose 
outlines are shown in Fig. 5*17 (a) 
and (6). As the drop continues 
to grow a waist is formed— the 
drop is then about to break away 
—see Fig. 5-17 (c). When this 
occurs the water comprising the 
neck will form a small sphere 
following the larger drop. It is known as Plateau's spherule 
— see Fig. 5*17 (c). 

To observe more easily the formation of a drop of liquid it is 
necessary to diminish the effective pull of gravity oh the drop. 
This was done in a very striking way by Dablino. At temperatures 
above 80° 0. the density of aniline is less than that of water at the 
same temperature, whereas the reverse is true at lower tempera- 
tures. Moreover, aniline and water are immiscible. Suppose, 
therefore, that a large tall beaker is nearly filled with water and a 
quantity of anihne (about 100 cm.®) added. This collects at the 
bottom of the beaker. A bunsen burner is then placed below the 
beaker : when the aniline assumes a temperature of about 80° C. 
it ascends to the top of the water and colleetsthereintheformofa 
pendant drop. The rate of supply of heat is diminished and the 
aniline cools : a large drop about 3 cm. in diameter begins to form. 
The drop then has a distinct neck which gradually becomes more 
thin. Finally, two constrictions are formed, and a large drop of 
aniline, followed by Plateau’s spherule, faUs to the bottom of the 
beaker. The process is then repeated. 




(cO 


(dL) 









Fig. 5*18.— -Wetting of Surface by Liquid. 


Drops of liquid not wetting the surface with which they are 
in contact — say, mercury — are, when small, truly sphericaWsee 
Fig. 5'18 (a). As the drop grows, or if several small ones coalesce, 
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it loses its sphericity— see Fig. 5-18 ( 6 )— while a very large drop 
is perfectly flat except near its edges, i.e. it assumes the shape 
shown in Fig. 5*18 (c). 

If the liquid wets the surface, drops do not form, and the liquid 
spreads itself over the surface — ^Fig. 5*18 (d). 

Surface Films on Water. — ^Many pure substances of a fatty 
nature, when placed on a clean surface of water, spread themselves 
out to form an exceedingly thin surface layer. It can be shown 
that the thinnest film which can be formed on water is one molecule 
in thickness, each molecule of the oil being in direct contact with 
the surface of the water. 

Some extremely interesting conclusions have been drawn from 
the study of these layers, for their simple structure makes them 
peculiarly suitable for investigating the properties of the molecules 
themselves. It is found that these films can exist in three forms, 
corresponding to the solid, liquid and gaseous states of matter. 
In the gaseous state of the films, the molecules move about 
individually and separately in the surface, exerting an outward 
spreading force on the boundary of the surface, in much the same 
manner as a gas exerts a pressure on the walls of the vessel containing 
it, or a dissolved substance exerts an osmotic pressure on a semi- 
permeable membrane [cf. p. 103]. In the ‘‘solid” and “liquid” 
states of the film the molecules adhere into compact, coherent 
masses, in which the molecules are often just as closely packed 
as in solids or liquids in bulk. 

In these coherent films the cross-sectional area of the individual 
molecules has been measured by measuring the area of the film com- 
posed of a known number of molecules, as calculated from the mass 
of the film, i.e, the mass of the drop of substance placed on the water 
surface, and the mass of one of its molecules. The results of such 
measurements show that the molecules actually have the shapes 
which have been indicated for about three-quarters of a century 
by the structural formulas of organic chemistry. It is found, for 
instance, that the molecule of stearic acid, O 17 H 35 COOH, is just about 
five times as long as it is thick ; that the end group (COOH), under 
certain circumstances, is slightly thicker than the rest of the mole- 
cule ; and that usually the molecules pack into a coherent layer, 
standing nearly vertical with the COOH groups directed towards the 
water. Many other coherent films, though not all, have the same 
vertical disposition of the molecules. In the“ gaseous ” films, 
when the molecules do not cohere, they lie flat upon the surface 
of the water. 

Viscosity .—Whenever relative motion exists between the 
different layers into which we may imagine a liquid is divided, forces 
are called into play tending to vetard the more rapidly moving 
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layers and to accelerate those which are moving more slowly. 
Similar forces, although much smaller, arise when a gas moves in 
the same way. To obtain a more definite idea of these forces let 
us consider Fig. 5d9 (a). In this XOY represents the boundary 
between a fiuid and a solid over which the former is flowing. At 
this boundary it will be assumed that the fluid is at rest, and that 
all the molecules in a plane parallel to XOY have a resultant motion 
(mass- velocity of the fluid) which is parallel to the above reference 
plane and which increases with the distance of the layer from that 
plane. Let CDEF be an area of magnitude S at distance z from 
the reference plane. Then the molecules immediately above this 
plane tend to accelerate the molecules in it, while the molecules 
in the layer immediately below tend to retard them. In this way 



Fig. 5*19. — Coefficient of Viscosity. 


each stratum of fluid will exert on the one next to it a tangential 
traction, opj^osing the relative motion between the two layers. 
If F is the magnitude of this tangential force, the force acting on 
F 

unit area of GE is — ^this is the tangential stress due to viscosity 

in the fluid. We assume that the magnitude of this stress is dii'eotly 
proportional to the difference in velocity between the layers imme- 
diately above and below the plane considered, divided by their 
distance apart. This latter quantity is termed the ve/ocfty- 

dv 

gradient in the fiuid. It is denoted by where v is the mass- 

velocity of the fluid at a height z above the reference plane. We 
may therefore write 

F dv 

' s ■ , 


where fj is si constant called the coefficient of viscosity of the 
fluid. It depends upon the nature of the liquid and its temperature. 
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[Notice the similarity between this definition and those of diffusion 
{cf. p. 100) and of thermal conductivity (cf. p. 227).] 

The value of ^ in C.6.S. units is expressed in dynes per square 
centimetre per unit velocity gradient, i.e. gm. cm.“^ sec."*^. This 
unit is often called the ** poise in honour of Poise-dxllb. 

The above equation cannot be verified directly, but calculations 
based on it are in strict accord with experiment so that we do not 
hesitate to accept the above equation as a complete statement of 
the laws of viscosity. 

To determine the relation between the viscous forces in a fluid 
and the pressure differences in it, consider the volume of fluid lying 
between planes at heights z and z Az aboveXOY — ^see Pig. 5*17 (6). 
Let the area of the faces parallel to XOY be unity, and let a be the 
cross-sectional area of the element in a direction normal to OY. 

Then the forces due to viscosity acting on the lower and upper 
faces are 


dv , 
r;-r and 
‘ dz 


. d 
'^hlz 


('^- 1-4 


their lines of action being parallel to YO and to OY respectively. 
Let Pi and p^ be the pressures at points on the two ends of the 
prism, the forces are picx, and p^oc as indicated. Since 

the fluid is moving without acceleration, the total force on the 
element considered must be zero. Hence 

d / , dv . \ dv . f. 






Experimental Determination of Viscosity . — Method i : To 
determine the viscosity of water the apparatus shown in Pig. 6*20 



may be used. It consists of a tall metal cylinder furnished with 
an overflow pipe DC. A capillary tube of known length, Z, and 
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radius, f, is placed in a horizontal position and connected to the 
cylinder. Water enters along the inlet tube as shown, any excess 
being carried away along DC, Attached to the exit end of the 
capillary is a glass tube bent in the manner indicated. The pressure 
difference between the ends of the capillary is proportional to the 
vertical distance bet'ween the levels A and B. This may be deter- 
mined with the aid of the scale in mm. and a U-tube filled with 
water and placed as shown so that the levels at A and C are the 
same. If the water is allowed to flow along the tube, as each drop 
breaks away from E the water level at B changes — 
an effect due to the changes in pressure at E as 
the drops alter in shape. This disturbing factor 
may be avoided if a small clean glass rod is placed 
in contact with the liq[uid. The liquid then 
leaves the tube in a trickle and the level at B is 
constant. 

It may be shown, by reasoning beyond the scope 
of this book, that Q, the volume of Hquid emerging 
in t seconds from the tube, is given by 
^ Ttr^'pi 

where rj is the coefficient of viscosity, p the pres- 
sure difference between the ends of the capillary — ^it 
is gph, where AB, p the density of the water — 
and g the acceleration due to gravity. It must be 
pointed out that the formula is true only for narrow 
tubes in which the velocity of the liquid is not so 
gi’eat that the flow becomes turbulent. 

Method ii : The above apparatus is not suit- 
able for the determination of the viscosity of oils, 
because these flow so very slowly through the BanVisS)- 

narrow capillary tubes. A rapid method is fur- meter, 

nished by the cup and ball viscometer shown in 
Fig. 5*21, The lower end consists of a steel cup into which a few 
drops of the oil under examination are placed. A steel ball, the* 
diameter of which is slightly less than that of the cup, is then placed 
inside the cup; it is prevented from coming into close contact 
with the cup by means of three very small projections, so that 
there is a layer of oil between the surfaces of the sphere and 
cup. The whole apparatus is placed in a vertical position and 
the time required for the ball to become free and fall is observed. 
A thermometer is placed in the hollow handle of the visco- 
metex', so that the temperature of the oil film ean be ascertained 
accurately. 

In this instrument the viscosity is directly proportional to the 



I 
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time whieli elapses before the baU faHs away. The method of 

calculation is illustrated by the following example : 

Time to break away for oil whose viscosity is 6-2 gm. om.-^ sec.-^ 

= 54-9 secs. . «« n 

Time for oil whose viscosity is required = 3&-7 secs 
Now for the cup and ball viscometer, the viscosity 
proportional to the time t, so .hat tj cc ^ or c . , 
constant. From the first observation we have, 

5*2 


7 ] is directly 
where c is a 


5*2 = c . 64*9, or c 


' 54*9‘ 


Hence from the second observation, we have 

^ ~ f — = 3*5 gm. cm."^ sec.' 


Stokes’ Law. 



54*9 

-When a sphere falls vertically downwards through 
a viscous medium, the layers of liquid adjacent 
to the sphere tend to move with a velocity equal 
to that of the sphere. At a great distance from 
the sphere the liquid is at rest. Consequently 
there must be relative motion between the differ- 
ent layers of the liquid ^d the motion of the 
sphere will depend on the viscosity of the medium. 
If the sphere is small i-b is found that it soon 
acquires a constant velocity, i.e. the pull due to 
gravity on the sphere is balanced by the upthrust 
of the liquid on it and the force arising from its 
motion through the viscous medium. 

This vertical force, F, will depend on tj, the 
viscosity of the medium, u, the radius of "the 
sphere, and the constant or terminal velocity 
acquired by the sphere. Thus 
F “ Ka^rjl^vy 

where /c is a constant, and a, ^ and y are 'the 
appropriate dimensional coefficients. In addition 
to the dimensions of F, a, g, and v, which are 
already known, we require those of ty. Now 


Fig. 5*22. 


Hence 


[area] 


Visco- 
sity of Oils — 
Stokes Method. 






so that [ 97 ] == [M][L]- 
We therefore have 

Equating like exponents, we have 

- 1, a - i8 4- y = 1, i? + y = 2 

y = 1, a = 1. 

F — Kafjv, , 

and it can be shown that /c = 67 e, i.e. F == Qstafiv. 

This expression was first obtained by Stokes, and is known as Stokes 
law for the force acting on a sphere falling under gravity through a 
viscous medium. 
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The Viscosity of Oils. — Suppose that A is the density of the 
material of the sphere, <5 that of the liquid. Since 

Weight of sphere — upthrust due to liquid displaced -h force due to 
the motion of the sphere, we have, 


f^naMg = ^na^6g + QTzarjv, 




(A_^^ 

V 


The above expression shows that if the velocity of fall of a sphere 
through a viscous medium can be measured, we have a means of 
determining the coefficient of viscosity of the medium. 

Let us suppose that glycerol is the liquid whose viscosity is to 
be detenniued. This is placed in a glass cylinder, A, Fig. 6*22, 
about 70 cm. long and 10 cm. wide. Spheres of known diameter are 
dropped into the liquid — see Fig. 5*22. The terminal velocity is 
deduced from observations on the time required for the sphere to 
travel between two fiducial marks. Now the liquid is limited by the 
walls of the vessel and has a finite depth. The conditions stipixlated 
by the above theory are therefore not fulfilled. It may be shown, how- 
ever, that if the sphere falls between two fiducial marks and Bj 
(10 cm. from the top and bottom of the liquid respectively), then 
the motion is uniform. Further, if the diameter of the sphere does 
not exceed 0*2 cm. and a vessel 10 cm. wide is used^ no correction is 
necessary for the effect of the walls of the vessel. If is the distance 
between the fiducial marks, and i the time of transit. 



so that aH is constant for a given liquid at a constant temperature. 
If therefore a* is plotted against l/t a, straight line should be obtained 
if the conditions of the theory have been satisfactorily fulfilled. From 
the slope of the line 97 may be deduced. 

Since the viscosity of an oil changes very rapidly with temperature 
it is advisable to measure and record the latter. to within 0*1° C.— T is 
a thermometer — and, having measured the diameters of all the spheres 
to be used in some definite experiment, to carry out the fall experi- 
ments one after the other as quickly as possible. The spheres must fail 
centrally down the tube A, so that their fall shall not be affected by 
the walls of the tube. 


EXAMPLES V 

1. -— How would you proceed to determine the osmotic pressure 
of a solution ? Give some account of plasmolysis and isotonic 
solutions, 

2 . — Describe the apparatus Used for preparing colloids by means of 
hot dialysis. 

3. —A liquid whose density is 0*83 gm. cm."^ rises to a height of 
8*92 cm. in a tube whose diameter is 0*0168 cm. What is the surface 
tension of the liquid ? 

4. — Describe a method of determining the viscosity of an oil. In 
an experiment with the cup and ball viscometer the time to break 
away for an oil of known ^ v^ 6*3 gm. om.~^ sec.-”^ was 60*7 secs. 
What is the viscosity of an oil when the time is 26*2 secs. ? 
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5 , — ^Define the terms surface tension a>nd surface energy. Give the 
theory of one method of determining the surface tension of a liquid 
whose angle of contact with glass is zero. How would you demon- 
strate the existence of surface energy in a liquid film ? 

6. — What determines whether a liquid will rise or fall in a capillary 
tube placed with one end below the surface of a liquid ? How may 
the surface tension of a molten metal be determined ? 

7 ^ — Explain the terms osmosis and osmotic pressure. Upon what 
factors does the osmotic pressme of a solution depend ? 

8. -—A glass microscope slide, 10 cm. long and 1 mm. thick, is sus- 
pended from one arm of a balance so that its lower edge is horizontal 
and its plane vertical. The balance is left free and equilibrated. A 
vessel containing alcohol is placed below the slide and then raised xmtil 
the alcohol just touches the lower edge of the slide. If a mass of 0-63 
grams must be placed in the opposite pan of the balance to restore 
equilibrium, calculate the surface tension of alcohol. 

9. — Define the coefficient of viscosity and describe how you would 
proceed to compare the viscosities of two liquids — ^say alcohol and 
water—at room temperature. 

10. —Describe and explain how the surface tension of a liquid may 
be measured by forcing bubbles of air through it. Discuss whether 
the result obtamed in this w^ay should be the same as that given by 
the capillary tube method. ’ 

11. — -Two vertical plates, distance d apart, are immersed in a liquid 
whose angle of contact with the plates is zero, and whose surface 
tension is T. Calculate the height to which the liquid will rise at 
a point some distance from the edges of the plates. 

12. — ^Discuss the shape of a liquid smiace in the space between two 
vertical plates inclined at a small angle to one another. 

13. — ^Describe and explain what happens when minute camphor 
particles are scattered on a clean water surface. Why does immersing 
one’s finger in the water modify the effect ? A spherical soap bubble 
of radius 2 cm. is blown in an atmosphere whose pressure is 10® dynes 

If the surface tension of the liquid composing the film is 60 
dynes cm.~^, to what pressure must the surroUn.ding atmosphere be 
brought in order exactly to double the radius of the bubble ? Assume 
no temperature change and no diffusion through the bubble. (N.H.S.C. 
29.) 

14. — State and give the theory of a method of determining the 
surface tension of mercury, in which measurement of the angle of 
contact between mercury and glass can be avoided. (L. ’23.) 

15. — ^Define surface tension and angle of contact. If the surface 

tension of a liquid having a density of 0-82 gm, is 28*3 dynes 

cm,** calculate the height to which the liquid will rise in a glass capillary 
tube of 0*6 mm. diameter dipped into it, the angle of contact between 
the liquid and glass being 30°. 

16. — ^A U-tube with vertical limbs is half -filled with liquid. If the 

diameters of the two limbs are ! cm. and 0*1 cm, respectively, calculate 
the difference in height of the liquid in the two limbs if the density 
of the liquid is 1*27 gm. cm.-*® and its surface tension is 45 dynes cm.“^. 
Assume the angle of contact to be zero. ‘ 

17. — ^A capillary tube 0T5 mm. in diameter has its lower end im- 
mersed in a liquid whose surface tension is 54 dynes cm."^ and whose 
density is 0*86 gm. cm.-®. Calculate the height to which the liquid 
rises, the angle of contact being 28°. Establish the formula used. 
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Strain and Stress.— A system of forces acting on a body may 
sometimes be such that although there is no motion of the body as 
a whole yet there may be a relative displacement of its constituent 
particles causing a change of form or a change in the dimensions of 
the body. Such a body is said to he strained. When a body is 
strained forces are called into play tending to resist the relative 
displacement of the component particles : these forces constitute 
a stress. There are three types of simple strain and simple stress : 
(a) tensile strain and tensile stress, (b) compressive strain and 
compressive stress, and (c) strain and stress caused by shear. 

Tensile Strain and Stress. — ^In Fig. 6-1 (a), AB represents a 
uniform bar of initial length L. When stretching forces FF act upon 
AB its length increases by an amount Z when equilibrium is attained, 
i.e. the internal forces in the body have reached such a magnitude 
that a further displacement of the com- 
ponent particles of the body is prevented. 

The ratio ^ is called the tensile strain of 

the body and since both Z and L are 
lengths, this strain, like every other 
strain, is measured by a mere number. 

Taking any arbitrary and imaginary 
section in the bar normal to its length as . 
at X, Fig. 6'1 (6), the internal forces 
across tills section are such that the forces 
S just balance the force F at A, while 
the forces T just balance F at B. These 
internal forces resist the eferts of the 
forces FF to break the bar : they consti- 
tute a tensile stress. Since these internal forces are distributed 
over an area the stress is measured by the force per unit area, so 
that stresses are measured in the absolute systems of units either 
as dynes. cm.‘^ or as poundals per square foot. Since the re- 
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6-1.— TeiiBil© Strain 
and Stress. 
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snltant of the internal forces S or T at X is E, if P is the stress 

F 

and s the area of cross section at X, we have P = 

Compressive Strain and Stress. — If the forces FF acting on 
the above body were reversed the length would decrease by an 
amount Z, the body would be subject to a compressive strain of 
7 F 

amount and the stress due to compression would he 

Shear Stress and Strain.— A shear stress exists between 
two parts of a body in contact when each part exerts an equal 
and opposite force laterally on the other part and in a direction 
tangential to the surface of contact separating the two parts. 
Thus, suppose a rivet holds two plates together which sustain a 
pull F,F, across the section AB, Fig. 6-2. Under these conditions 
the lower portion of the rivet exerts a force parallel to AB on 
the upper portion, preventing it from moving to the left : smilarly, 
the upper part exerts a force on the lower. The rivet is said to be 



Fig. 6*2. — Shear Stress and Strain, Fig. 6-3. — Shearing Strain. 


in a state of shear across the plane AB, and if s is the area of the 
section AB, the shear stress is defined as F/^. 

To discover how the strain is measured when a state of shear 
exists, let us consider ABCB, Fig. 6‘3, the cross-section of a block 
of india-rubber glued to a table along that face of which AB is the 
trace. Imagine that a piece of sheet brass glued to the upper 
surface is urged forward by a force F parallel to AB. When equili- 
brium is reached let the plate be in position XY, i.e, the plate 
will have sufiered a displacement OX with respect to the lower 
face. The block is now said to be sheared, the amount, of the 


shearing strain being specified by the ratio 


OX 

BC 


, i.e. tan 6, where 0 


is the CBX, It will be seen that the shearing strain is the ratio 
of the relative lateral displacement OX of two horizontal layers at 
distance BC apart to that distance, i.e. it is equal to the numerical 
value of the relative lateral displacement of two horizontal layers 
at unit distance apart,’ 


If s is the area of the upper face the shearing stress is 


F 
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It is important to note the following distinction between strain 
dne to stretching [or compressing] forces and that due to shearing 
forces, for in the first instance both the volume and shape of the 
body may alter, whereas in the second it is the shape alone which 
changes, the volume remaining constant. A particular instance 
in which a change in volume but no change in shape occurs is 
when a cube of material which is isotropic, i.e. has properties the 
same in all directions, is subjected to a uniform pressure. 

Complimentary Stresses due to Shear, — Theorem : A shear 
stress in a given direction cannot exist without an equal 
shear stress existing at right . 

angles to it. To prove this, let 
us consider the rectangular body 

of sides, a, 6, and c, shown in 'F ' 

Fig. 64. Let Ej, El, be the forces ^ ‘ ^ 

tending to displace the upper 
face with respect to the lower, 

The area of each of these faces is 
aby so that the shear stress is ‘E/ab, Let Eg, Eg be shearing forces 
at right-angles to the above. Then the corresponding stress is 
E 2 /C&C. Eor equilibrium, the moment of aU the forces about any 
point in their plane — say A — ^must be zero, i.e. Ej . c = E 2 . 6. 
Dividing throughout by a6c, we have 

= — 

, ♦ ab ac 

i.e, the stresses are equal. 

Elasticity, — ^When the forces acting on a strained material are 
removed the body may assume its original form and dimensions. 
Such a body is said to possess elasticity. Thus a piece of india- 
rubber is very while lead and putty are almost 

The Elastic Limit.— We have just defined the terms elastic and 
non-elastic as if they applied to two essentially different classes of 
substance. Actually, aU bodies are elastic to a certain degree, 
depending on the magnitude of the applied load. Thus, if lead is 
subjected to small stretching forces it recovers its original form and 
size when the forces are removed — ^i.e. the lead then behaves as an 
elastic body. On the other hand, lead is non-elastic when the forces 
are not small and it is said to acquire a permanent set. The 
limit of stress within which the strain in a given material completely 
disappears when the stress is removed is called the elastic limit. 

The existence of this limit is very strikingly shown by the folow- 
ing experiment Two long pieces of copper wire of the same 
diameter are suspended from the ceiling and an electric current 
passed through one of them so that it just glows in a darkened room. 



6-4, — ^Shear Stress and Strain. 
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Wlien the wire is cool, pans are attached to each wire and loaded 
with equal masses which are increased by 250 or 500 gm. at a time. 
At first the elongation of each wire is of the same order of magnitude 
and if the loads are remoTed the wires will resume their original 
lengths. On increasing the loads further, a stage is soon reached 
when the wire which has been heated extends very rapidly and when 
the load is removed it is found to have acquired a permanent set. 
Prom this experiment it is clear that the elastic properties of a given 
Biateriai depend on its previous history. The heated wire is in an 
annealed condition, whereas the other wire which has been manufac- 
tured by drawing it through a die [a small hole in a steel plate — -called 
a PFar jfel plate] is said to have been co/d u^orked. The effect of 
cold-working a metal by drawing it through a die, by rolling it in 
a mill, or by hammering it, is to increase its hardness, to lower its 
ductility, and to diminish its capacity for resisting mechanical 
shocks. 

Hooke’s Law* — The fundamental law relating to elasticity was 
discovered by Hooke, a contemporary of Boyle. He showed that 
the stress was proportional to the strain, providing that the elastic 
limit had not been exceeded. We may therefore write 

stress = ifc X strain 

where & is a constant. This constant is called the o/ 

elasticity and depends upon the nature of the material and the type 
of stress used to produce the strain. When the body is subject 
to a simple tension (or compression), the body being free to contract 
in a direction normal to the line of action of the stretching forces, 
stress 

A, i.e. the ratio — r-is called Young's modulus. When the stress 
^ strain ® 

' ' stress 

is due to shear the ratio ^^^ is termed the modulus of rigidity 
of the material. 

Referring to Pig. 6*3, if ^ is the area of the upper face of the block 
p 

the shearing stress is — , and since the strain is tan 0, or 0 (expressed 

" ' , ■ 

in circular measure), if the angle of shear CBX is small, the modulus 

'■ ' P ' 

of rigidity is — 0* The above method of determining i: for 

shearing stresses is only appHoable to mdia-mhber, for^ of 

shear is usually so small that it cannot be measured directly. Other 
methods are therefore employed, but they are beyond the scope of 
the present work. 

Young’s Modulus. — Suppose that a wire of length L and radius r 
is stretched by a load of mass m, the wire being free to contract 
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in a direction perpendicular to the stretching force. The stress in 
the wire is since the wire is subject to stretching forces equal 
in magnitude to the weight of the load. K Hs the increase in length 
the strain is j-, and the modulus of elasticity, denoted by Y in this 
instance, is given by 

Y _ tensile stress ^ mg ^ I __ rnglu 
tensile strain nr^ ‘ L nrH' 

Experimental Determination of Young’s Modulus.— Two 
identical wires of the material under investigation are suspended 
from a beam. The method of attaching the wires to this support 
is important, for if either wire slips the elongation will not be due 
to the load alone. One method is to pass one long piece of wire 
between two brass plates which are after- 
wards screwed together with the aid of 
two or more bolts and nuts — see Fig, 6*5. 

This wire is arranged so that the lengths of 
the two free portions are approximately 
equal. A scale graduated in mm. is 
screwed to the left-hand wire whilst a 
second wire carries a vernier and a scale-pan. 

In this way, since the wires are identical, 
any temperature change will affect each 
wire to the same extent so that no differen- 
tial expansion due to temperature varia- 
tions will be noticed. The wire carrying 
the mm. scale is slightly stretched by sus- 
pending from it a convenient load. The 
pan attached to the second wire is usually 
sufficient to keep it straight when it is 
otherwise unloaded. The initial reading of 
the scales having been noted, the wire 
carrying the vernier is suitably loaded and fio. 6-6.— Apparatus for 

the scale and vernier reading observed. detemiiimig Y.M. for 

Metals m the form of 

To determine the ratio ■ it is advis- Wires. 

strain 

able to increase the load by 500 gm. at a time and observe the 
scale reading after each increment has been made : a graph show- 
ing the relationship between the load [ordinate] and the elongation 
[abscissa] is then constructed. Since the elongation is propor- 
tional to the load if the elastic limit has not been exceeded, this 
graph should be a straight Hne. With a piece of black cotton 
as a guide the best straight line should be drawn through the 
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points on the diagram and the slope calculated [cf. p. 14]. 
6 is the slope of tliis line, we have 

L 


If 


y = 


m 

Ttr^ ‘ I 


e. 


Young's modulus can therefore be calculated if, in addition to the 
above observations, the length and mean radius of the wire are 
known. The mean radius is determined with the aid of a micro- 
meter screw gauge [cf. p. 7]. To test whether or not the elastic 
limit has been exceeded observations should also be made as the 
load is removed ; corresponding observations will be in agreement, 
the wire returning to its original length, if the elastic limit has not 
been passed and the inean value of the extension for each load 
should be used in constructing the above graph. 

Searie’s Apparatus for Determining Young's Modulus for 
the Material of a Long Wire.— Two wires of the same material 

are hung from the same rigid 
support, their lengths being 
about 2 metres. Each carries at 
its lower end a brass rectangular 
frame from the lower sides of 
which suitable loads may be sup- 
ported. In Fig. 6*6, A and B are 
the wires while C and B represent 
an end-on view of these frames. 
E is one of two bars freely hinged 
to the frames so that one frame 
may he displaced relatively to 
the other. H is a metal strip, 
carrying a spirit level S, and 
freely moving about a fulcrum M 
at one end. At the other end it 
rests upon the point N of a verti- 
cal screw R, operated by the 
divided head T. The pitch of 
the screw is 0*5 mm. and the 
periphery of T is divided into 50 
equal divisions. When the head 
T is rotated through one division 
its point moves 0*01 mm. 

A load of 1 kgm. is applied to each wire so that they shall be 
straight and the reading of the screw observed when the air bubble 
is at the centre of the level. The load on one wire is then increased 
by 1 kgm. so that the wire is stretched and the air bxihhle displaced. 
By rotating the screw this bubble may be brought back to its 



Fig. 6*6. — Searle^s Apparatus for 
iavestigating the Stretching of 
Wires. 


ELASTICITY 


136 


( 

1 


I 


t 




standard position. The amount by which the point of the screw 
is moved is equal to the extension of the wire. The load is then 
increased in stages up to a maximum, removed I kgm. at a time, 
and readings of the screw taken for each load. A graphical or 
other method is then used to determine the mean extension for an 
increase in load of 1 kgm. and a value for Young’s modulus for the 
material of the wire calculated as in the previous experiment. 
Bulk Modulus.— We have seen that if a body is subjected to a 
uniform pressure its volume diminishes. If p is the increase in 
pressure necessary to cause a volume V of a material to diminish 
by an amount v, the stress is p, for a pressure is defined as a force 


per unit area [cf . p. 67], whilst the strain is y. The modulus of 

elasticity, which is now termed the bulk modulus, is therefore 
V pV 

P yj i-©* The reciprocal of the bulk modulus is termed the 


compressibility of the substance, and is denoted by x, so that ;i; = i 

K 

The Compressibility of Liquids. — ^It is found that enormous 
pressures are required to alter the volume of a given mass of liquid, 
i.e. the compressibility is 
small. Experimental deter- 
minations of the compressi- 
bilities of liquids are beset 
with many difficulties, but 
the underlying principles are 
as follows. The liquid under 
investigation is contained in 
a cylindrical glass vessel, A, 

Fig. 6*7, provided with a 
capillary tube, B, dipping 
below the surface of mercury 
contained in a trough, C. 

The whole is placed in a 
wide glass tube, J), completely 
filled with water. Packing 
glands prevent the escape of 
water jfrom between the ends 
of D and the metal discs Fig. 6*7. — ^The Compressibility of 
closing its ends. By rotat- Liquids [after Oersted], 

ing the screw' H so that it 

moves downwards very large pressures are exerted inside D, and 
these are transmitted to the liquid in A. The pressure is given by 
the pressure gauge. Theory shows that j&om the rise of mercury 
in B, together with other relevant data, the difference between 
the compressibilities of the liquid and glass may be deduced. 
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Experiment. — ^The smallness of the compressibility of water is shown 
by the following experiment. Water completely fills a metal box 
having no lid. When a small bullet is fired into one side of this box 
the volume of water is diminished by an amount practically equal 
to that of the bullet before the water has had time to rise. Conse- 
quently enormous pressures are exerted on the sides of the box and 
this bursts. 

The Bulk Modulus of an Ideal Gas at Constant Tempera - 
ture.— If P and V are the pressui’e and vplume of a given mass of 
gas at constant temperature, Boyle’s Law [cf. p. 80] states that 
the product PV is constant. Let the pressure become P + 
the corresponding volume being Y — v. Then 
(P+p) (V^v)=^VY, 
pV — ' vP — pt? = 0. 

If p and 47 are small compared with P and V their product may 
be neglected, so that 

pV — -yP == 0, or P = — . 

The bulk modulus of a gas at constant temperature is therefore equal 
to the pressure to which it is subjected. [N.B. — The pressure 
must be expressed in absolute or in gravitational units.] 

Energy due to Strain. — ^In order to deform a body work must be 
done bjT' the applied forces. The energy thus spent is stored in the 
body which is then said to possess strain energy. This energy is 
lost when the stress is removed^ appearing as heat, i.e. the body is 
temporarily at a temperature above that of its surroundings. The 
whole of the work done in deforming the body is only completely 

regained if its elastic limit has 
not been passed, for in this 
latter instance a permanent 
set is produced in the body 
and the energy necessary to 
do this is not regained when 
the stress is removed. 

For a wire which has not 
been stretched beyond its 
elastic Emit the amount of 
work done in stretching it 
may be calculated as fol- 
lows :~If a point A, Fig. 6-8, 
represents the state of tbe wire 
when the stretching force isF [dynes] and the elongation Z, the work 
done in produoirig this condition is. represented by the area of the 
triangle OAB. To prove this, consider two points K and L on OA, 


i‘ 4 , 

I %i ' ► i -S 




Fig. 6*8. — ^Energy due to Strain. 
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and draw EM and LN perpendionlar to the a;-axis. If the points 
K and L are very clo^e together then during the deformation MN 
the stretching force may be considered constant and equal to that 
represented by EM, so that the work done is represented by 
KM X MN, i.e. it is represented by the area of the rectangle KLNM. 
Similarly, every such small rectangle into which*the triangle OAB 
may be divided represents a quantity of work done. The total 
work done in deforming the wire is represented by the sum of all 
these rectangles, i.e. the area OAB. The work represented by this 
area is X 1. If L is the length of the wire and r its radius, the 
strain energy per unit volume is 

This equation, interpreted in words, means that the strain energy 
per unit volume is one half the product of the stress and the 
strain. 

Elastic Fatigue, — ^When a metal has been subjected to repeated 
alternations of stress it becomes ‘‘fatigued,” i.e. its strength 
diminishes, which means that for a given stress the amount of strain 
increases. If the alternations are continued for a sufficiently long 
time the metal may ultimately develop a fracture, 
j In the manufacture of copper tubes of elliptical section the 

tubes are first drawn with a circular section. If the final operation 
of making the bore elliptical is carried out at once it is successful, 

! but if the tube is allowed to remain overnight the process cannot 

t be completed in the morning. 

i EXAMPLES VI 

j 1. — Define the terms tensile stress, tensile strain, Young* s modulus , 

I hulk modulus, and compressibility. Derive an expression for the bulk 

I modulus of an ideal gas. Two uniform wires of the same material 

I are such that the linear dimensions of one are double those of the 

other. If equal loads are suspended from the above wires calculate 
the ratio of the extensions produced. 

2.— Derive an expression for the force mwards due to a rope 
under tension passing round a smooth curve. Calculate the limiting 
pressure inside a cylindrical boiler of 3 ft, radius, the sides being >!• 
of an inch thick and made of a material which can stand a limiting 
j pressure of 40 tons-wt. per square inch. 

J 3. — ^How would you proceed to determine Young’s modulus for a 

j substance in the form of a uniform wire 1 If Y.M, for steel is 2 x 10^* 

I dynes cm.”^, what mass must be suspended from a steel wire 2 

f metres long and 1 mm, diameter to stretch it by 1 mm. ? 

[ '4. — ^A solid has a volume of 3*5 litres when the external pressure is 

f 1 atmosphere. If the bulk modulus of its material is 10^* dynes cm.-^ 

calculate the change in volume when the body is subj'ected to a pressure 
of 25 atnaospheres. 
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5. ~~Explaiii Hooke’s law and describe how you would proceed to 
verify it for the extension of a vertical wire tinder load. A copper 
wire, 2 metres long and 3 mm.* cross-sectional area, is suspended 
vertically and a load of 5 kilograms attached to its lower end. Cal- 
culate the work done in stretching the wire if Young’s modulus for 
copper is 1-2 x 10^® dynes cm.’-®. 

6. — J)e1axLe Youftg^ 8 modulus and the modulus of bulk elasticity. 
Calculate the value of the latter modulus for a substance of which 
1 cubic decimetre is reduced in volume by 0*01 cm.® by an increase of 
pressure of 20 atmospheres. 

7. — ^Explain what is meant by the statement “Young’s modulus 
for steel is 2 x 10^* dynes cm.^®”. Calculate the load which must be 
suspended from a steel wire 1 mm. in diameter to produce an elongation 
equal to 0-2 per cent, of its original length. 

8. — 'How would you compare experimentally the value of Young’s 
modulus for copper with the value for the modulus of brass, being 
given wires of the same standard gauge ? 

9. — Calculate the modulus of bulk elasticity for a substance of which 
1 cubic decimetre is reduced in volume by 0-004 cm,® when subjected 
to an increase of pressure of 16 atmospheres. 

10. — Calculate the density of water at the bottom of a lake 150 

metres deep assuming that the compressibility of water is 5^000 
atmosphere. 

11. — Given that Young’s modulus for steel is 2 x 10^* dynes cm.””* 
calculate its value in pounds weight per square inch. 

12. — A spiral spring of negligible mass is hung vertically and is 
such that a load of 6*5 gm,-wt. produces an extension of 10 cm. If 
the spring carrying a load of 508 gm.-wt. is pulled downward, show that 
the load will execute a S.H.M. when the spring is released, aqd determine 
its period. 

13. — An elastic string of natural length 2a can just support a certain 
weight when it is stretched until its whole length is 3a. One end of 
the string is now attached to a point in a smooth horizontal table, 
and the same weight is attached to the other end and can move on 
the table. Prove that if the weight is pulled out to any distance and 

then let go, the string will become slack again after a time — (L.I.). 

j g 

14. — ^A mass of metal of volume 500 cm.® hangs on the end of a 
wire whose upper end is rigidly jfixed. The ditoeter of the wire is 
uniform and equal to 0-4 mm. and its Young’s modulus TX’IO^^ 
dynes cm.-®. When the metal is completely immersed in water, the 
length of the wire is observed to change by 1 mm. Find the length 
of tlie wire if the acceleration due to gravity is 980 cm. sec,™®,-«t 
(N.H.S.C. 29). 
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CHAPTIIR VII 
THERMOMETRY 

Temperature* — Our ideas of the terms hot ” and “ cold ’’ are 
based upon our sense of touch or of feeling. A hand placed near a 
fire experiences a different sensation from that arising from its 
immersion in snow. In this way different bodies can be arranged 
in such an order that as one passes from one body to the next the 
sensation experienced is one of greater cold. These degrees of heat 
and cold correspond to a certain state or condition of the object. 
The following experiment shows that our hand is not a reliable 
indicator of temperJfcure. 

Experiment, Suppose that A, B, and 0 are three bowls containing 
cold, tepid, and hot water respectively. Place the left hand in A, 
and the right hand in 0 ; after half a minute transfer both hands to 
B. It appears hot to the left hand but cold to the right. 

Moreover, the human hand is not sufficiently sensitive to detect 
small changes in temperature, neither is it capable of withstanding 
extremes of temperature. 

In order to fulfil these purposes, thermometers have been con- 
structed. In these use is made of the change in some physical 
property of a substance which varies continuously with the tem- 
perature, e.g, the increase in the volume of a liquid or gas which 
generally takes place with rise in temperature. It is also necessary 
to define two temperatures so that a scale of temperature may be 
constructed. These two temperatures must be constant and easily 
reproducible at all times and places ; or if they are not constant the 
manner in which they vary with external influences must be known. 
The first such temperature is that of melting ice [free from con- 
taminations] which is defined as the zero of the Centigrade scale of 
temperature. In order to produce any appreciable change in this 
temperature the ice must be subjected to a pressure of several 
atmospheres. - Since the variations in atmospheric pressure never 
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amount to more than a few cm. of mercury, we may say that for 
most practical purposes the melting-point of ice is constant. The 
second temperature, which we define as 100° 0., is that of steam when 
the external pressure is 76 cm. of mercury. Now mercury expands 
when heated and the value of gravity varies over the surface of the 
earth, so that the pressure of 76 cm. of mercury must be recorded 
by a barometer at 0° C. in latitude 45° N. Since such conditions 
cannot easily be realized the reading of the barometer must be cor- 
rected for these variations. In addition, it is quite fortuitous if the 
pressure so corrected happens to be exactly 76 cm. of mercuiy 
when the thermometer is calibrated. But since, when the baro- 
meter reads about 76 cm., a change in pressure of 1 cm. of 
mercury causes a change of 0-37° C. in the boiling-point of water, 
the actual temperature associated with any particular pressure is 
easily calculated. Thus, if the corrected value of the observed 
pressure is 744 cm. of mercury, i.e, 1*9 cm. lower than the standard 
conditions, the boiling-point of water is 

[100 - (0-37 X 1-9)]° C. = 99-30° C. 

Here it must be emphasized that it is impossible, with any ther- 
mometer whatsoever, to measure the melting-point of ice or the 
standard steam temperature. The first is defined as 0° C., and the 
steam point under existing atmospheric conditions is found from 
observations on the barometer, the standard steam temperature 
being defined as 100° C. when the pressure is 76 cm. of mercury. 

Scales of Temperature.— The early workers on thermometry 
used mercury-in-glass thermometers. The degree Centigrade on 
such a thermometer is defined as follows When the temperature 
of the thermometer increases by 1° C. the change in volume of the 
mercury is one-hundredth of the decrease in volume which occurs 
when the thermometer cools from the standard steam temperature 
to that of melting ice. 

In England and English-speaking countries the Fahrenheit scale 
is employed for commercial and domestic purposes. On this scale 
the temperature of melting ice is 32° F., whilst the standard steam 
temperature is 212° F. The reason for the adoption of these 
appaj^ently arbitrary numbers is to be found in the fact that the 
zero on tMs scale was the lowest temperature that could be reached 
when the scale was proposed by Fahrenheit, viz. that of a mixture of 
snow and salt containing eutectic proportions [of. p. 222]; The 
100° F. was taken to be the temperature of a healthy person's body . 
It is now known that this temperature is 98-4° F. 

The other scale is due to Reaumur. On it the zero corresponds 
to the temperature of melting ice while the steam temperature is 
80° R. 
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The FuEdamental Interval. — The interval between the fixed 
points on a thermometer is called its fundamental interval. On the 
Centigrade scale this is equal to 100 divisions ; on the Fahrenheit 
180 ; and on the Reaumur 80. Bearing in mind the magnitudes of 
these fundamental intervals, it is easy to convert the readings on one 
scale into those on the others. 

Thus in order to convert a temperature of 3d° C. into the corre- 
sponding temperatures on the Fahrenheit scale, 35 Centigrade 
35 X 180 

divisions equal Fahrenheit divisions ; but the ice- 

point of the Fahrenheit scale is called 32, so that the required 
temperature is (63 + 32)° F. ~ 95° F, 

Constraction of a Mercury-in-Giass Thermometer.— A 
mercury-in-glass thermometer can be constructed from a long piece 
of uniform capillary tube, having sealed on at one end a piece of 
wider glass tubing and at the other a small 
funnel. A constriction is placed at A, Fig. 

7T, whilst just below there is a small bulb 
C. The whole is cleaned with aqua regia, 
alcohol, ether, acetic acid, more alcohol 
and finally distilled water by passing these 
reagents in succession through the tube. It 
win be noticed that no solutions of solids, 
such as aqueous potassium bichromate are 
used ; this is because it is sometimes diffi- 
cult to remove the solid particles which 
may have been present and become lodged 
in the capillary^ The tube is finally dried 
by drawing air through it by means of a 
suction pump, the air having been passed 
over soda lime contained in a U-tube. 

Particles of soda lime are prevented from 
entering the tube by means of a swab of 
cotton- wool. The lower end is then 
warmed at B and finally closed, the end 
being rounded by gently blowing into 
the open end. To prevent the tubes from 
becoming contaminated during this pro- 
cedure, a soda-lime tube may be attached to 
the open end of the thermometer. Mercury 
is then placed in the funnel above A, after which the tube and bulb 
are heated gently. The air is expelled m part, so that on cooling a 
little mercury enters the instrument. This mercury is boiled, ail 
the air being expelled by the mercury Vapour, so that when the 
source of heat is removed, as the vapour condenses, more mercury 



Fig. 7*1. —Construction 
of a Mercury-in-Glass 
Thermometer. 
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is draTO into the tube imtil it is completely filed. It is then main- 
tained at a temperature a little fP ° ^ Tjie 

instrument will ever be used and finafly seaM 
instrument is now allowed to cool slowly and left for a ^^ys 
before being graduated— this is to allow the glass to contract to 
L origial voLie. In actual practice the glass goes on contr^- 
ing for many years, and this helps to make the instrument diffi- 
cilt to use in precision work, because it implies an ever-cbanging 

Determination of the Steam and Ice Points on » Ther- 
mometer .-Of these two points on a mercury themometer the 
upper one should always be found first ; the ?®® ^® 

afterwards. This is advisable because ftte 

continues to shrink after every heating so that it is better to take 

the ice point under definite conditions, viz. after ^every other 
reading of the thermometer. • no 

The apparatus, shown m Fig. 7*2, IB 

used for the determination of the steam 
point. It consists of a cylindrical vessel 
A, in which the water is boiled, sur- 
mounted by an open tube G. This 
tube is surrounded by a wider one halt- 
ing an outlet B for the steam. In 

precision determinations the U-tube D 

contains water to indicate any in- 



outside A. The thermometer, to be 
calibrated, is supported by means of a 
cork and is so arranged that the final 
position of the mercury is just visible. 
When this position has become steady 
a small mark is made on the glass. 
The barometer is read and the tem- 
perature corresponding to this pressure 
is then calculated. [If vapour escapes 
from the tube E, more liquid must be 
placed in the boiler.] 

The ice point is found by placing the thermometer in melting ice. 
The ice, or better, ice shavings, should be contained m a Dewar 
Flask and well stirred. In order to ensure that the ice is melting 
the whole should be covered with distilled water. ^ It is more usual 
to place the thermometer in a funnel of melting ice and allow the 
water to drip away ; this apparatus is condemned if any accuracy 
is desired, because the various pieces of ice are not in contact with 
the bulb, and, furthermore, the sharp points on the ice may exert 


Fig. 7*2,— *A Hypsometer. 
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a Yariable pressure on the thin- walled glass bulb and so violate 
steady conditions. These sharp points on the ice may also cause 
the bulb to fracture. 

The Essentials of a Thermometric Substance.— The ther- 
mometric substance should have a large expansion for a small 
change in temperature ; its indications must be consistent and 
easily observed ; it should have a large working range ; it should 
be esisily procurable ; it should not be easily contaminated ; it 
should also rapidly assume the temperature to which it is subjected. 
Mercury possesses most of these characteristics, but mercury ther- 
mometers suffer from the following defects Mercury freezes at 

— 40® G. so that for temperatures below — 30® C. an alcohol or a 
pentane thermometer must be used. Moreover, it is found that the 
mercury expands in jerks, a fact due to the change in volume of the 
bulb when subjected to changes in pressure caused by the variations 
in the angle of contact of the mercury. The density of mercury is 
high so that the volume of the bulb is affected by the changes in 
pressure produced by the variations in the length of the mercury 
column. In this respect alcohol and chloroform are to be preferred, 
but they cannot be used at high temperatures and there is a 
tendency for them to distil into the upper parts of the thermo- 
meter. 

To increase the working range of mercury the space above the 
mercury may be filled with nitrogen. When the mercury expands 
the pressure inside increases so that the boiling-point of the mercury 
is raised. The thermometer may therefore be used to measure 
higher temperatures, but the variations in volume of the bulb due 
to pressure are increased so that such a thermometer cannot be 
^ regarded as a reliable instrument. It has also been proposed to 
use an alloy of sodium and potassium which is liquid from ■— 8® C. 
to 700® C., but it has been found that, as a result of the reduction 
of the glass by the alloy, a brown deposit of silicon is formed after a 
time so that the liquid cannot be seen. 

The Errors of a Mercury Thermometer.— A thermometer is 
supposed to read 0® 0. when placed in melting ice ; if it does not the 
reading must be observed and a correction applied. Similarly, 
the observed steam point will seldom be correct, so that a further 
correction is necessary. Suppose that the thermometer reads 

— Ao and (a — Ag) when the temperature of its bulb is 0® C. and 
a® C., respectively, a being the temperature of steam produced 
under existing conditions. Then the corrections are Ao and A, 
respectively. Let these facts be represented diagrammatically as 
in Fig. 7-3 (a). Then 5® C. correspond to {s — A^ + A©} divisioim 
on the thermometer. Let t be the “ observed temperature — 
expressed in terms of divisions on the thermometer this is 
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(i + Ao). If 6 is the corresponding temperature on the centigrade 
scale 0 ? 


s [s — As + A„] 




s - As + A* - + s _ ’ 


s — As + Ao 
since Ao and A^ are small. Hence 


0 = < + j^Ao + 


True temperatures 



This suggests a graphical method of applying the correction. 

Let OP, Hig. 7-3 ( 6 ), 
be a straight line a 
units long. Erect 
(a.) perpendiculars OA 
and PB to represent 
Ao and A^ respect- 
ively. If OQ = t, 
then CQ represents 
the correction to be 
applied. 

In carrying out 
this construction due 
regard must be paid 
to the signs of Ao 
Fig. 7-3. and A^. 

JEitfampic.— Ao and Ago,, are + 0-4® and — 0-6*' respectively. An 
accurately drawn diagram then gives Aig — + 0*25®, so that the true 
temperature is 15-25‘* p. The line AiBj cuts OP in X where OX 40®. 
At this temperature the correction is zero. 

This method is only justifiable if the bore of the thermometer is 
uniform. If it is not, and the thermometer is to be a standard one, 
it must be calibrated by breaking ojff a portion of the mercury column 
and observing its length [expressed in scale divisions] at various 
parts of the tube. The method of doing this is beyond the scope 
of this work, so that the simplest method of checking the indications 
of a thermometer is by comparing them with those of a standard 
instrument. Commercial mercury-in-glass thermometers are gradu- 
ated by using subsidiary fixed points, and the divisions are generally 
not of equal size. 

The most troublesome correction arises from the fact that all the 
mercury in the thermometer is not at the same temperature except 
in rare instances ; it is therefore necessary to make a correction for 
stem exposure. A method of estimating this correction will be 
explained later [cf. p. 171]. 
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Results obtained with mercury-in-glass thermometers are often 
vitiated by the fact that when the reading was being made,^ the line 
of sight was not normal to the mercury thread at its extremity, 
i.e. errors due to parallax were not avoided. The use of a low 
power lens helps to minimize errors due to this cause. 

Joule made the first accurate mercury thermometer, and it was 
because of the pains he took in getting accurate readings, with his 
thermometers that he made such remarkable discoveries in the 
science of thermodynamics. 

The Paris Standard Thermometer.— The stem of this instru- 
ment is sometimes 1 metre long, although often it is only half this 
length. The bore of the tube is cylindrical so that the mercury shall 
move more regularly in the tube. [Cheap thermometers are often 
made with elliptical bores in order to facilitate seeing the mercury, 
but this is an objectionable practice in an instrument for scientific 
purposes for it increases the “ sticking effect ’’ always associated 
with the motion of mercury over a glass surface,] The position of 
the mercury is observed with the aid of a microscope so that a 
change in temperature of 0*001° C. is detectable. Such an instru- 
ment is only suitable for measuring steady temperatures. 

The Clinical Thermometer. — ^The clinical thermometer, 
Fig. 7*4 (a), is used for determining the temperature of the human 
body. It is a mercury-in-glass thermometer with a short working 
range, and is of the ‘‘ maximum type,” i.e. it registers the highest 
temperature to which its bulb has been exposed since re-setting. 



^ (€0 ( h ) 


Fig. 7-4.— a Clinioal Thermometer. 

The range is 95° E. to 110° F, each degree division being divided 
into five equal parts. The earliest mercury thermometer used for 
the above purpose was not seif-registering and the temperatxire was 
read while the thermometer was in the patient’s mouth. In a later 
form there was a short column of mercury separated by an air 
bubble from the rest of the mercury. When the bulb of this ther- 
mometer was heated the short column of mercury moved forward, 
but it did not recede when the temperature fell. In the instrument 
in use to-day a small constriction, A, is placed in the bore of the 
thermometer near to the bulb— this is the special feature of this 
thermometer. The constriction must be such that mercury passes 
freely through it when the mercury in* the bulb expands, but 
that it prevents the mercury in the stem above the constriction 
from returning when the temperature of the bulb falls; the 
indication of the thermometer may then be observed at leisure. ' 
I.P. o 
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After use, the above instrument is re-set by shaking it so that 
the mercury in the stem is jerked downwards. Sometimes this 
operation is difficult so that frequently one finds clinical ther- 
mometers with two constrictions at a short distance apart. These 
are not so small as in the usual instrument and, while sufficient to 
prevent the mercury returning to the bulb when the tempera- 
ture of the latter falls, do not offer so great a resistance to the 
mercury when the latter is forced downwards by shaking the 
thermometer. 

The temperature indicated by a clinical thermometer inserted 
in a patient’s mouth, for example, does not reach a maximum 
value at once, for that part of the mouth in contact with the ther- 
mometer is cooled when the thermometer is inserted, and some 
time must elapse before the circulation of the blood restores the 
temperature to its original value at this point. To diminish this 
cooling effect and to make the thermometer quick in its response 
to temperatoe changes, it is essential to make the bulb small, 
and this, in ten, implies that the bore of the instrument must be 
small if an open scale of temperature is to be available. It is then 
difficult to locate the mercury in the stem unless it is provided with 
a “ lens front.” A section of the stem of such a thermometer is 
shown in Fig, 7*4 (6), and when the temperature recorded by the 
thermometer is being noted, the thermometer should be held in 
such a position that the mercury column is viewed directly through 
the sharp roimded edge of the stem. A magnified image of the 
thread is then seen. 

The instruments are made in different sizes, known as half- 
minute,” “ one-minute,” etc. This time indicates the period after 
which the indications of the thermometer will have become steady 
when it is in use. 

If at any time it becomes desirous to check the indications of a 
clinical thermometer, this is best done by means of a comparison 
with a standard instrument. Since ch’nical thermometers are not 
capable of showing a falling temperature, the comj>arison should be 
made by placing the two thermometers in a hath, the temperature 
of which is gradually rising, say 0*1° C. per minute. The bath is 
thoroughly stirred, and comparisons made at various points over the 
range of the instrument. 

Maximum and Minimum Thermometers. — ^For meteoro- 
logical purposes it is necessary to know the extremes of temperature 
reached over some period — ^generally a day. Six’s maximum and 
minimum thermometer, Fig. 7*5, is used for this purpose. Ais a bulb 
filled with alcohol and connected to a second bulb partially filled with 
alcohol. The connecting tube is a capillary filled with mercury as 
shown. Two small steel indexes are jjlaced above the mercury in 
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E and F. These are supported by small springs, A fail in tempera- 
ture causes the mercury to rise in E, so raising the index C whilst 
leaving D unaltered in position. A rise in temperature causes the 
mercury in E to fall and in F to rise, so raising D, but leaving C 
in position, This is because the alcohol wets the indexes and 
passes by them, while the mercury does not. The lower ends of 
the indexes C and D give respectively the minimum and maximum 
temperatures to which the instrument has been subjected. The 
temperature scales are not exactly equal,, since the mercury EF 
also expands with increase in temperature and affects the scale 
on the left-hand side. 

When these thermometers 
are made the whole instru- 
ment is cooled down to a 
temperature beyond the lower 
limit of the scale, and the 
bulb on the left-hand limb 
sealed. The result is that 
when the instrinnentis in use 
there is a pressure above the 
liquid in B equal to the 
saturation pressure of the 
liquid at the appropriate 
temperature, plus the partial 
pressm‘e of the enclosed air. 

It is very essential that some 
air should be contained in B 
so that the pressure at any 
point in the liquid in A, or 
the capillary tube E attached 
to it, should exceed the satu- 
ration vapour pressure of the 
liquid at the existing tern- W W 

perature. For suppose that Fig. 7*5. — (a) Six’s Maximum and Mini- 
the level of the mercury in mum Thermometer, (6) fitted with 

F is below that in E — i.e. electrical device to give audible warning, 

the instrument is at a low 

temperature. If a small bubble were formed in E it would grow 
unless the partial pressure of the air in B is greater than that due to 
a column of mercOry equal in height to the difference between the 
mercury levels in E and F. 

It has recently been found that the position of the zero of these 
instruments mdergoes considerable changes if the alcohol contains 
acetone. 

Fig. 7-5 (h) shows a thermometer of this type fitted with three plati- 
num contacts as shown connected to a battery and bell. If the 
temperature passes beyond the limits appropriate to the position of 
the contacts, audible warning is given. 

The Beckmann Thermometer.— This particular type of ther- 
mometer, which is very frequently used in physical chemistry 
experiments to determine the moleotilar weights of dissolved 
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substances, was designed to measure small dififerences of tempera- 
ture accurately, In order to make an ordinary thermometer suffi- 
ciently sensitive for this purpose its bulb would have to be large 
and its stem very long. This latter condition is very undesirable 
since such stems are easily fractured. Now in a Beckmann ther- 
mometer, Fig. 7*6, the bulb. A, is large but the stem 
is only of the usual length. This thermometer wiU 
not record actual temperatures but only differences 
of temperature. The stem is divided into six 
divisions each corresponding to 1® G., and each is 
further subdivided into one hundred parts. In order 
to render the instrument useful over a considerable 
range of temperature a small reservoir at B con- 
tains mercury which can be added to that already 
in the bulb, or more mercury can be abstracted 
from the bulb and left in this reservoir. Suppose, 
for example, one wishes to measure small changes of 
temperature in the region near to 30® 0. ; the ther- 
mometer is first inverted so that the mercury forms 
one continuous column. Its bulb is then placed in 
a water bath at a few degrees above this tempera- 
ture and the thermometer is gently tapped. The 
mercury column breaks at a point near to the top 
of the small reservoir, so that when the temperature 
falls to 30® C. the mercury level should be on the 
scale of the thermometer. If this condition has not 
been obtained the above process must be repeated. 
A change in temperature may then be measured 
in the usual way. 

Strain Thermometers . — These thermometers 
which are only of historical interest depend upon the 
fact that a heterogeneous body changes its shape 
considerably when subjected to changes in tempera- 
ture. In one form three strips of platinum, gold, 
and silver, respectively, are made into a single ribbon 
by passing them through a rolling mill. The gold is 
placed between the two other metals. The whole is 
coiled into a spiral with the most expansible metal 
[Pt] inside. The spiral xmwinds itself when its tem- 
perature is raised, the amount of twist being measured by a pointer 
attached to one end of the spiral, the other end being fixed. 

Hot Surface Thermometers.— To measure the temperature of a 
surface with any degree of accuracy is not easy, and yet it often 
happens that such measurements are necessary. To measure the 
temperature of a stationary or slowly moving surface the bulb of 


A 


Fiq. 7*6.— a 
Beckmann 
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the thermometer is coated with copper and attached to a fiat piece 
of copper which has been gold-plated so that it shall be a poor 
radiator of heat. This is placed in contact with the surface whose 
temperature is required and, since the copper retains any heat 
imparted to it, the temperature indicated is the temperature of the 
surface. Por fast-moving surfaces, such as calender rollers in paper- 
making, etc., the copper shoe is arranged so that it just avoids con- 
tact in order to prevent friction, the distance being approximately 
•j-J^th of an inch from the surface of the roller. To effect this clear- 
ance the shoe carries a cross-piece which is the common axis for two 
wheels. The outer edges of these wheels are in contact with the 
roller and the diameters of the wheels are sufficient to effect the 
necessary clearance. 

EXAMPLES YU 

1. —Calculate the boiling-point of water when the barometric height 
is 74-9 cm. of mercury. If a thermometer reads 99*2® G. under these 
conditions, what is the correction to be applied to it ? . 

I 2.— Describe a clinical thermometer, and the procedure you would 
adopt in order to check its indications. 

3. — ^Describe a thermometer suitable for measuring the maximum 
and minimum temperatmes of a greenhouse. How would you test 
its accuracy ? 



CHAPTER VIII 

THE EXPANSION OF SOLIDS 


The Expansion of Solids.— When a body is heated it usually 
expands, i.e. its volume increases. Substances such as fused 
silica and invar steel expand by only a very small amount 
when they are heated, whereas gases expand much more rapidly 
when heated under constant pressure. The effect of heating a 
material is strikingly shown by hanging a piece of nickel wire, about 
0*5 mm, in diameter, from a hook and stretching it vertically b| 
means of a small weight. An electric current of about 10 amperes 
is passed through the wire so that it becomes red hot. The rapid 
descent of the weight, and its return when the current is broken, 
is a vivid manifestation that such a body expands when heated. 
If, for a moment, the length of a rod at different temperatures is 
considered, it is only natural to suppose, in the first place, that the 
change in length will be proportional to the variation in temperature. 
The change in length per unit length of a body for a rise in tempera- 
ture of one degree is called the coefficient of linear expansion 
of the material. In actual practice it is found that this coefiS.cient 
varies slightly with the particular part of the temperature scale over 
which observations are made, so that it is usual to measure the 
mean coefficient of linear expansion over a given temperature 
interval. *^Thus, if I .be the length of the body at temperature 
t, suffixes attached to these symbols indicating the initial state 
(1) and the final state (2), then^ 

h-h ^ 


^ l(^2 


— the change in length per unit length per degree 
rise in temperature 

= mean coefficient of linear expansion between 
and ^3 = (say*). ^ 

If, as usual, the preliminary observations are made at the tempera- 
ture of melting ice, viz. 0® C., and Iq is the length at this temperature, 

♦This coefficient is often denoted by m: 
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and 1 is the mean coefficient of linear expansion between 0° C. 
and f G.y then 



where I is the length at G, 

Since (Z — WA ^ number, the dimensions of J. are those 
of the reciprocal of a temperature. This is an important point, 
for it shows that 1 depends on the scale of temperature adopted 
in any experiment portending to determine A. Thus, if and 
are the coefficients of linear expansion for a given material when 
Centigrade and Fahrenheit scales of temperature are tised, then 

"" lOO^ ^ l8%°’ 

where I and 4 are the lengths of the rod at the temperatures of 
steam produced under standard conditions and of melting ice 
respectively. Hence 

= |A(3. 

In exactly the same wa^y the mean coefficient of volume expansion 
of a substance between temperatmes 4 s^^id is defined as 

' ' ' ^2 - n 

— ti) 

so that oc, the mean coefficient of volume expansion between 0*^ 0. 
and r C. is given by 

V ‘-Vq , . 

' .. a'== — 

Vf^t 

The coefficient of linear expansion at a given temperature t 
of a substance in the form of a rod whose length is I at the tem- 
perature 4 is 

■ '■ 1 ^ 

' ■■ ■ I df 

, Similarly, the coefficient of volume expansion is 

$ , '1' dv 

[ ■ • v\dt' ■ . 

I If a unit cube, i.e. a cube whose edge is 1 cm., is heated 1® C, 

each edge becomes (1 + A) in length, where A is the coefficient 
of linear expansion. Under these conditioxi^ the original volume 

^ of 1 cm, ^ will have become (I + A)® cm.® and this is equal to 

1 + 3A + 3A^ + A®. Now, since A is smah, A® and A® will be much 
smaller ; it is therefore justifiable to neglect them, so that the 
final volume From this it is seen that the increase in 

volume is 3A for a rise in temperature of 1® C., and this has been 
styled the coefficient of volume expansion : hence the coefficient 
of volume expansion is equal to three times the coefficient of linear 
expansion. 
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D^tcrixiitiatioa of the Coeffilcieiit of Linear Expansion of a 
Metal in the Form of a Tube. — ^The apparatus consists of a brass 
tube, AB, Fig. 8-1, about 1 metre long and 0*5 cm. dia- 
meter. A brass collar about 0*6 cm. long is soldered near 
each end of the tube. A small steel ball-bearing is soldered 
to the collar near B, whilst a needle-point is similarly attached 
to the collar near A. Two brass plates are then screwed to a 
wooden board CD. The plate at D has a small cavity to receive 
the sphere while the needle-point rests on a second plate near 0 . 
A stream of cold water is passed through the tube, the temperature 
of which is observed with the aid of a calibrated thermometer. 
While the sphere rests in its socket a scratch is made by the pointer 
on the piece of brass below it. The water supply is turned off, the 
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thermometer removed, and a copious supply of steam passed 
through the tube. During this procedure the brass tube AB is 
placed at a distance of several feet from the board so that the 
distance between the two plates on CD does not alter. The tem- 
perature of the tube having been ascertained from observations of 
the barometric pressure, the tube is supported by dusters and the 
sphere B placed in the socket provided for it. A second scratch 
is then made on the plate at C. This plate is removed and the 
distance between the two scratches measured with a vernier micro- 
scope. Let Zl ^ be this distance ; let be the length of the tube at its 
initial temperature li the steam temperature is fg ijhe mean 
coefficient of expansion between ig and is given by 


H 


hih-h) 

If it is required to deduce A, the mean coefficient between 0^^ C. and 
the steain temperature, we must write 

-p A^i) and i/j -j“ == === Zo (1 -^^ 4 ) 

^ I d" 

1 % 1 4 “, 

so that A may be calculated, A is sometimes called the zero 
coefficient of Iffiear expansion. The student should convince him- 
self of the reality of the difference between these two coefficients 
by performing such an experiment and making the appropriate 
calculations. 


Whence 
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The Optical Lever : Determination of the Coefficient of Linear 
Expansion of the Material of a Rod. — The optical lever, as here 
used, consists of a small triangular piece of brass provided with three 
short legs at its comers, and having a plane mirror at right-angles to 
its base—Pig. 8*2 (a). To use the lever to measure the expansion of 
a rod due to a change in temperature, the latter is mounted verti- 
cally in a glass tube through which steam may be passed. The lower 
end of the rod rests on a brass plate, while one leg of the optical lever 
rests in a small indentation 
on the top of the rod — see 
Pig. 8*2 (S). The other legs 
rest on a brass plate, C. T 
is a telescope, and S a ver- 
tical scale in cm,, etc., these \ 

being arranged on a common 

normal to the mirror so — i |j 

that an image of the scale is 

sharply focussed on the cross- jA. 

wires of the telescope. 'n I 

The particular division on i/l § 

S whose image is on the { I 

cross-wires is noted when the § 

rod has been left at room I ' ^ 

temperature, for some I 

time — as observed by means (by | 

of a thermometer. Steam | 

is then passed through the I 

tube surrounding the rod I 

(the temperature, ig, being | 

deduced &om the barometer 

reading); the rod expands I 

and the mirror is tilted. yJoy/^ste 

When steady conditions have 8*2.— Optical Lever Method of 

been obtained, the scale read- measming the Expansion of a Rod of 

ing seen on the cross-wires is Metal. 

noted. If A is the actual 

expansion of the rod, the angle of tilt of the lever is A /a, where a 
is the distance indicated. Suppose that d is the difference of the 
readings as observed by T, If D is the distance of the scale from the 
mirror, then 

t-A 

D “ a’ 


since if a mirror rotates through an angle 0, a ray of light incident 
upon it rotates through 26 [cf. p. 347]. 

If the length of the rod is measured, the zero coefficient of expansion 
for the material of the rod may be deduced from the equation 


lx A" A 

h 


1 4- 

1 4* Ux* 


where the symbols have their usual meanings. 

To check the value so obtained, and see that the apparatus has not 
been disturbed, it should be allowed to cool to room temperature 
and the scale reading seen in T oompared with that obtained originally. 
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The Comparator Method. — ^TMs method was designed by the 
International Committee of Weights and Measures at Paris for the 
purpose of comparing the length of any metre scale at various 
temperatures, with that of a standard metre maintained at con- 
stant temperature. Two massive stone pillars carry vertical micro- 
scopes, Pig. 8-3, each fitted with a micrometer eye-piece, the distance 
between the microscopes being approximately one metre. The stan- 
dard metre is placed in one trough and the scale under examination 
placed parallel to the standard in a second trough. To assist in 
maintaining the bars at constant temperature the troughs are 
double-walled, the bars being placed in the inner compartmepts, 
and water from thermostats circulates between the walls of these 
troughs. The temperatures of the baths are given by carefully 



Fig. 8-3. — Comparator Method for Measiirmg the Linear Expansion 
of Rods. 


calibrated thermometers, eificient stirrers being employed to main- 
tain a uniform temperature in each trough. The two troughs rest 
on wheels so that they may be moved along rails supported on a 
mas§ of concrete. In this way, first the standard metre, and then 
the other, is brought under the microscopes. 

When the standard metre is below the microscopes these are 
displaced laterally so that the images of the fiducial marks on the 
bar coincide with the cross-wires in the eye-pieces of the micro- 
meters. The distance between the cross-wires is then 1 metre 
providing that the axes of the microscopes are vertical and the 
surface of the bar horizontal. The experimental bar is then placed 
in the above position and the shift given to each micrometer to 
establish coincidence between the image of each mark on the 
bar and the cross-wires of the microscope through which it is 



EXRmSION OF SOLIDS 165 

observed recorded. Tbe distance between the marks on the bar 
under investigation may then be deduced. The temperature of 
this bar is then altered by varying the temperature of the water 
flowing round the trough in which it is situated. The shifts given 
to the micrometers to re-establish coincidence ’’ are again noted 
so that the change in length of the bar due to the change in tem- 
perature becomes known. The coefficient of expansion may he 
deduced in the usual way. Before doing this, however, the standard 
metre should again he brought below the microscopes to see whether 
the positions of the pillars bearing the microscopes have varied ; 
if they have a correction must be applied. 

Example. A certain distance measured by a scale in cm., etc., . 

H cm. The temperature of the scale is C. If the seal© had been 
divided correctly at C., what is the true value of the distance. 

At each division is 1 cm. long, 

i,0. 1 = Zo(l ^^2^) 

where A is the coefficient of linear expansion for the material of the rod 
and Iff is the distance between two consecutive cm. marks at 0° C. 

At ^ 2 ° th© distance between two consecutive cm. marks is 

kil + M,) = ^ [1 + A{«2 ~ #i)] 

Hence the distance required is H[1 + — ^i)] cm. 

Some Consequences of Expansion . — ^Industry often makes use 
of the expansion of metals. The iron tyres of cart-wheels are fitted 
wliile they are red hot; when cold, their grip is considerably 


I 


[>, 

I ■■ 

j. ' 


A 




(b) Monometallic Balance Wheel 
(not out) 

■' Fia SA..: 

increased. The barrel of a gun consists of coaxial cylinders, the 
outer ones of which are in turn shrunk on to the remainder. 
Greater resistance to shock is thus obtained. 




156 HEAT 

The rate of working of chronometers and watches is controlled 
by the oscillation of a balance wheel under the influence of a 
‘‘ hair spring.’’ An increase in the diameter of the wheel causes 
it to oscillate more slowly, while an increase in stiffness of the 
spring makes the wheel oscillate more quickly. » Now a rise in 
temperature increases the diameter of the wheel 
but reduces the rigidity of the spring, both of 
which tend to augment the periodic time of the 
wheel, i.e. the chronometer “ loses.” To com- 
pensate for this the rim of the wheel is constructed 
in at least two parts, brass and steel frequently 
being used— -Kg. 84 (a). The more expansible 
metal [brass] is placed on the outside so that a 
rise in temperature causes the section to curl 
inwards whereby the effective diameter is reduced. 

Recent work by Goitld, in America, has shown 
that the above type of balance wheel may be more 
than effectively replaced by those made from 
“ ehnvar,” a nickel-steel alloy, whose co-efficient 
of linear expansion is small— Kg, 84(6). More- 
over, the hair spring should also be constructed 
from this same material, since its elastic properties 
are practically unaffected by changes in tempera- 
ture. Other advantages of using elinvar will be 
mentioned later [of. p. 662]. 

Pendulums of invariable length, and therefore 
constant periodic time, were first constructed by 
Harbison. The manner in which this was accom- 
plished will be gathered from Fig. 8*5. Five rods of 
steel were used in conjunction with four brass ones. 
When the whole is suspended from a fixed support 
any expansion of the steel rods increases the 
length of the pendulum, while that of the brass 
reduces it. For the compensation to be complete the expansion 
due to three steel rods, plus that of the short piece from S to the 
cross-piece, must be equal to that of two brass ones owing to the 
particular arrangement adopted. 

Invar SteeL— About thirty years ago M. Guillaitme discovered 
an aUoy of steel and nickel [36 per cent. Ni] whose coefficient of 
expansion is very small. This particular aUoy is known as Invar. 
It has been used in the construction of invariable pendulums, and 
for surveyors’ tapes. These tapes may be calibrated at the 
National Physical Laboratory where they are immersed in a long 
trough through which water at a known temperature passes. A 
comparator method is used for measuring the length of the tapel 



Fig. 8*5. — 
Harrison’s 
Comp ©n- 
sated Pen- 
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When invar was iSrst discovered it was thought that it would 
he a suitable material from which to construct standards of length. 
Recent work at the National Physical Laboratory, however, has 
revealed the fact that invar continues to ‘^grow for many years 
after it has been manufactured; it is therefore not suitable for 
this purpose. 

Aji artificially aged ^ metre bar has been kept under observation 
at the National Physical Laboratory for thirty years. In that 
period it has increased by 0*025 mm., and is still increasing at 
the rate of about 0*00025 mm. per annum. 

Some years ago a new alloy described as “ stable invar was 
introduced, but a four-metre bar of this material has been under 
observation since 1925 and in nine years has increased by 0*022 mm. 
Recently, the National Research Council of Canada has reported 
that a one-metre scale of an alloy known as “ Fixinvar ’’ has con- 
tracted by 0*0009 mm. in nine months. 

EXAMPLES Vni 

1. — A glass rod is 2*1605 metres long at 0° C. and 2*1624 at 117 ° C. 
What is its mean coefficient of linear expansion between these tem- 
peratures t 

2. — ^Deduce the relationship between the coefficients of linear and 
volume expansion ^sdth temperature. Explain how to determine the 
coefficient of expansion of a Hquid by weighing a solid of known expan- 
sibility in it. 

3. — ^How would you proceed in order to test the accuracy of the 
statement — ** the coefficient of linear expansion of brass ^is 0*000020 
per degree C.’* ? A simple pendulum consists of a bob suspended 
by a fine brass wire. The pendulum makes 3,600 vibrations per hour 
when the temperature is 15® C. Calculate what . the period of the 
pendulum would be if the temperature fell to — 5® C. 

4. — ^The relation between the volume and temperature of a substance 
is expressed by the equation 

Vf = Vo[l 4- 0*000172 t + 0*0000021 #*]. 

Calculate the mean coefficient of expansion between 0® G. and 100® C. 
and the coefficient of expansion at 50® 0. 


^ The early growth of invar steel may be accelerated by a process of arti- 
ficial ageing and this improves the subsequent stability. 



CHAPTER IX 

THE EXPANSION OF LIQUIDS AND GASES 

The Expansion of Liquids. — Since a liquid has no definite shape 
of its own, hut assumes that of the vessel in which it is contained, we 
cannot speak of its linear expansion but only of its volume expansion. 
When a liquid in a graduated container expands, the expansion 
observed is the expansion of the liquid together with that of the 
containing vessel — it is termed the apparent expansion as distinct 
from the- real expansion of the liquid itself. 

Eicperiment, A fiask and vertical tube leading from it are filled 
with coloured water so that the liquid stands about haK-way up the 
tube. The flask is plunged into boiimg water, when it is found that 
the level of the liquid in the tube falls temporarily, after which it 
rises. The fall is due to the sudden expansion of the glass before the 
liquid has had time to become heated. This expel*iment proves quite 
definitely that the expansion of a liquid is influenced by that of the 
container. 

The Coefficient of Apparent Expansion of a Liquid . — Imagine 
that A, Fig. 9*1, is a vessel completely filled at with liquid ; B 
represents the same vessel at The vessel is now a little larger, but 

it is filled with liquid. C represents the state of affairs when the liquid 







4 ” 
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€ 


Fig. 9‘1. 


remaining in B and the vessel have cooled to I Let rrii be the 
mass of liquid in A at while is the mass left in B, i.e. the mass 
filling the vessel at Then a mass has been expelled. 

A brief glance at the diagram shows that it is a mass: of liquid mg 
at temperature which has expanded and diiven out a 

— mg when the temperature was raised. The inass driven out 
■ 168 ' 
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is proportional to the change in volume of a volume represented 
by a mass Since the change in temperature was ^2 “ 
follows that the mean coefficient of apparent expansion between 
these temperatures is 

mi — mg 

^2(^2 ^1) 

The Absolute Coefficient of Expansion of a Liquid. — This 
coefficient is determined ffiom observations on the density of the 
liquid at different temperatures. If p is the density, and v the 
specific volume, i.e. the volume of one gram of substance, 


mass 

^ volume 

Hence, when the temperature is 0° 0., po ~ similarly, at C., 

' 2^0 

Pf But Vi = Vq (1 + at)^ where a is the mean absolute coeffi- 

cient of cubical expansion over a range in temperature from 0° 0. 
to f 0. Hence 

P-S^L.v,{l + ca)==il + ai). 
pt Vo 

Hence, if the density of the liquid is measured at each of two 
temperatures, a may be deduced. 


Indirect Determination oe the Absolute Coeeeioibnt op 
Expansion of Liquids 

The Weight Thermometer or Dilatometer.— The weight 
(or better mass) dilatometer is generally used for determining the 
absolute coefficient of expansion of a liquid indirectly— the method 
is an indirect one since a correction involving a knowledge of the 
coefficient of volume expansion of the material of the envelope 
or vessel (usually glass) containing the liquid has to he applied. The 
Weight thermometer consists of a cylindrical bulb drawn out at one 
end into a fine capillary (but with thick walls), this latter being 
bent twice at right angles. The mass of the instrument is first 
found and it is then filled with liquid. This is done by heating 
the bulb gently on all sides to expel some air, allowing it to cool 
with its open end under the liquid, when some liquid is drawn into 
the bulb, and then proceeding as in the experiment when a mercury* 
thermometer was constructed. When ffiled, the instrument is 
placed in melting ice, its neck still being immersed in a small reservoir 
containing the liquid. The dilatometer is removed after ten 
minutes, when we may assume that its temperature is that of 
melting ice, and its mass determined after its surface has been dried. 
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To prevent a loss of liquid during the weighing operations a small 
glass receptacle of known mass may be attached below the neck 
of the instrument and the whole weighed together. The dilatometer 
is then placed in a beaker containing water or some other liquid 
at a constant known temperature ; after ten minutes immersion 
its mass is determined when it is cold and its exterior dry. 

Let V be the volume of the vessel and y the mean coefficient of 
volume expansion of its material over the range of temperature 
employed. Let m be the mass of the liquid in the dilatometer and 
let t be the increase in temperature. Let p be the density of the 
liquid. Suffixes denote corresponding values of these variables at 
different temperatures. 

Then 

Vopo ~ ^0 

But v, = Vo {l + y«), and p,- 

Hence 


or 


^ _ i + 

Vopo(i + 7^) 1 + yt 


Mq — mt 
mtt 



Since y is very small and is approximately the same as the 
above equation may be written 


Wo — mt 


mtt 


+ y. 


We have seen that the faction - 


-m. 


mtt 


\ which represents the mass 

expelled divided by the product of the mass left in and the rise 
in temperature, is the apparent or relative coefficient of expansion 
of the liquid in glass ; hence we have proved that the absolute 
coefficient of expansion = the apparent coefficient of expansion + 
the coefficient of volume expansion of the material of the containing 
vessel. 

The above method is, as here described, not a precision method 
since the temperature of the exposed stem is not the same as that 
of the beaker and it is difficult to estimate the necessary correction. 
Moreover, we have to assume that the expansion of glass is the same 
in all directions when calculating the volume expansion of glass from 
the linear coefficient. Actually, glass is a very anisotropic sub- 
stance, i.e. its properties are not the same in all directions. How- 
ever, the method can be made a precision one, but the details do 
not concern us here. 
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The Volume Dilatometer,^ — TMs method of determining the 
absolute expansion of a liquid has one advantage over that just 
described, viz. the correction for stem exposure is zero since the 
whole of the instrument can be raised to one and the same tempera- 
ture. In addition, although the dilatometer may be filled by 
alternately heating and cooling, it may also be filled by a method 
in which the liquid is not heated, an expedient which is very desirable 
when dealing with inflammable liquids or a liquid which decomposes 
on heating to high temperatures. The dilatometer consists of a 
bulb, B, Fig. 9*2, having a graduated capillary CD attached to it ; at 
D this opens out into a wider 
tube to receive any liquid if 
occasion arises. To fill the in- 
strument it is fitted through a 
cork as indicated in Fig. 9*2, 

The liquid to be introduced 
into the bulb is contained in a 
wide tube, F, projecting from 
the side of E into which the 
cork is inserted. A second 
tube, A, passing through the 
cork allows the apparatus to 
be connected to a vacuum 
pump so that it may be ex- 
hausted. The tap in A is then 
closed and the apparatus in- 
verted. When air is slowly 
admitted the liquid is forced 
into the bulb B. 

Before the exj^ansion of the 
liquid can be found it is neces- 
sary to know the volumes of 
the various portions of the 
dilatometer. Let be the 
mass of mercury requhed to fill the instrument to the m-th divi- 
sion on the stem when all is at 0® 0. Let have a similar mean- 
ing, Then the volume from one scale division to the next is 
®«) — ^)Pq 9 If ^ ®f uniform bore and po is 

the density of mercury at 0® C; Leto? == > Then the 

' Po 

volume of the dilatometer up to the zero mark at 0°C, is 



Let us assume that when the instrument contains the liquid 



m 


fijEAT 


[l + yt] 


under investigation that it is filled to the ^)-th division at 0* 0. 
Then the volume of the liquid at this temperature is 

po ~ nj 

At f O.j when the liquid extends to the g-th division, the volume 
of the dilatometer to this mark and therefore of the liquid at 
this temperature is 

[_p„ \m-nj J 

where y is the coefficient of volume expansion of glass. The absolute 
coefficient of expansion of the liquid, a, is therefore expressed by 

since, in general, 

V,-Vo(l+a^). 

I Expansion of a Liquid by Hydrostatic Methods.— (a) One 
^ method depends upon measurements of the 

apparent loss in mass when a body is sus- 
pended in a liquid. In order to increase the 
ratio of this apparent loss in mass to the actual 
mass of the body or sinker, it should be large 
and have a small mean density. Such a sinker 
is indicated in Eig. 9*3. It consists of a her- 
metically sealed glass bulb weighted with mer- 
cury or lead shot so that it just sinks in the 
liquid under investigation. A hook is pro- 
vided with which to suspend' the sinker from the 
pan of a balance. Let M be the mass of the 
sinker in air, the mass in water at initial temperature Then 
M — = mass of liquid displaced = Yjpn 

where Vj is the volume of the bulb and therefore of the liquid dis- 
placed, and pi is the density of the liquid at ij. 

Similarlyi 



M — mj = V2P2 == Vi[l + y{«a — ii)] • ■ 


Pi 


[1 + «(«* - <i)]’ 

where y is th6 coefficient of volume expansion of glass, and a the 
mean coefficient of expansion of the liquid over the range 
Then a, the coefficient required, is given by 

M — m8 ^ [I +y(^a-^i)] ' : 

M — [1 + a(^a -“ij)]’ 

[Strictly speaking y is not the coefficiexit of volume expansion of 
glass defined in terms of an initial temperature 0° C., but for 
ordinary work the correction bn this account is unimportant.] 
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(b) A second method consists in floating at two temperatures a 
hydrometer of known mass and expansibility in the liquid. If 
Yi and Vg are the volumes of the instrument at temperatures 
and Jg respectively, ^ the coefficient of volume expansion of its 
material, pi and the densities of the liquid at these same tem- 
peratures, mi and mj the masses required to sink the hydrometer 
to the same fiducial mark in each instance, then 

M + mi== Vipi 

, M + ^n^i 


and 


Vgpg : 

1 -f- <X(^2 


[1 + a (^2 • 


h)] 


" M + mg I + J3{t2 — «i)’ 

This enables, a, the mean coefficient of expansion over the range 
of temperature tx to to be calculated. 

Dibbot Detebmination of the Coefficient of Absolute 
Expansion of a Liquid 

The Method of Balancing Columns. — ^The methods hitherto 
discussed for determining the coefficient of expansion of a liquid 
all suffer from the defect 
that they involve a know- Sb-eam _ 
ledge of the expansion of 
the material of the con- 
taining vessel. Dulong 
and Petit, about 1816, 
first developed a method 
for determining the co- 
efficient of expansion of a 
liquid directly, i.e. a know- 
ledge of the expansion of 
the material of the vessel 
was not involved. The 
principle is to compare 
directly the densities of the 
liquid at two tempera- 
tures between which the 
mean coefficient of ex- 
pansion is required. The 
liquid was placed in a 
y .tube, ABCD, Eig. 9-4, 
one limb of which was 

kept cool (in melting ice) while the other was maintained at the 
desired temperature (steam ).^ ^ 

1 Actually, by using heatbd liquids in the vessel surrounding AB, a series of 
results was obtained, the temperature of the hot bath beiug given by an air 
thermometer. 



Fic. 9*4. — Principle of Dulong and Petit’s 
Apparatus for Determuiing Directly the 
Expansion of Mercury. 
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Let to and t be the temperatures of the cold and hot limbs respect- 
ively. Then, when equilibrium has been reached, a column of 
liquid at balances a column of the same liquid at If iJ is the 
atmospheric pressure that at B is IJ + gpt\- At 0 it is 
n + gplh. Since these are equal 
gpJiQ = gpj^ . 


or 


h 

K 


Pt 



Hence, if and are determined experimentally (by means 
of a cathetometer), a value for a may be deduced. 

Strictly speaking, in this experiment, equilibrium is never 
established, for, on account of density differences in the liquid, 
there will always be two feeble currents in the cross-tube — an upper 
one from the hot limb to the cold one, and a lower one in the 
opposite direction. At the level of the axis of the tube a state of 
equilibrium may be considered to exist, and it is for this reason 
that the heights ho and were measured from the axis of the 
cross-tube. To reduce the effects just referred to the cross-tube 
is made narrow. 

To emphasize the fundamental principles of this method of 
measuring the coefficient of expansion of a liquid the design of the 
above apparatus has been kept as simple as possible. For example, 
it has been assumed that the hot limb was enclosed in a vapour 
bath. Actually, it was placed in a copper vessel containing oil ; 
this was heated by a furnace. Moreover, the temperature of the 
hot limb was measured by an air thermometer and by a weight 
thermometer. Consistent results were only obtained with' the 
former, so that the indications of the weight thermometer were 
discarded. 

This simple form of Dulong and Petit's apparatus is open to the 
criticisms that the temperature of the liquid in either limb was not 
constant, and that - Aq) not determined directly. It is 
desirable to do this since the accuracy of the final result depends 
chiefly on the accuracy with which — Aq) is determined. The 
apparatus was improved by Dulong and Petit themselves, also by 
BEONATrLT, and by Caixeotab and Moss. The work of these last 
three investigators will now be described. 

Regnault*s Apparatus. I-The apparatus shown in Fig. 9-5 is 
a schematic representation of Regnault's. The tubes AB and CD 
were connected by a horizontal tube AC, the connecting tube BD 

^Expressed in the same inaits as gph^ 
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being bent to form a U-tnbe. The whole circuit was filled with 
mercury except for a small region in the U-tube, which was connected 
to an air pump, thus enabling the pressure in it to be increased until 
mercury was just about to escape from the hole K. CD was 
surrounded by melting ice, 
whilst AB was immersed in 
an oil bath, the temperature 
of which was taken by means 
of an air thermometer P, the 
bulb of which extended almost 
from the top to the bottom 
of the bath. Prom observa- 
tions on the heights Hf, Ho, 
hy and h\ the coefficient of 
absolute expansion was cal- 
culated. If f C, is the 
temperature of the hot 
cblumn and 0® C. the temper- 
ature at every other point, 
the pressure at M, due to the 
mercury in AB, and the 
atmospheric pressure, iZ, is 
il + — gpji\ where g 

is the acceleration due to 

gravity, and and po the Fig. 9*5. —Regnault’s Apparatus for 
densities of the mercury at the Coefficient of Expamion 

two temperatures. Similarly, 

the pressure at N is IT + 9^po(Ho — h), and this must be equal to 
the pressure of the air in MGHN, and hence to the pressure at M 
A po(Ifo — h) =p^H^ — pffi* 

or po(Ho ^ ~ pA 

* jj^ „ ___ 1 _l__ A 

•Vpi + ^ 

Callendar and Moss’ Apparatus.— Two vertical tubes,i 
AB, A'B', Pig. 9’6, each 1*5 metres long, were bent twice at right 
angles so that the portions BO, B'C', were horizontal. The tube 
AA' was made narrow to dimmish the circulation of mercury from 
one vertical tube to the other. A mechanically driven paddle 
forced water cooled to 0®C. by ice round M through the wide 
tube surrounding AB. A'B' was surrounded by an oil bath heated 
by an electric current passing throngli the loop of wire Q, which 

^Actually there were six pairs of hot and cold colranns placed in series. 
Successive columns were alternate^ hot and cold. The difference of level 
measured DD' was then six times that due to a single pair of hot and cold 
columns. 
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was made in the form indicated to distribute the heat energy in 
the bath. A second paddle E caused this oil to circulate steadily 
round A'B'. The temperatures of the baths were indicated by 
platinum thermometers P and P' the bulbs of which extended the 
whole length of the baths, so that the mean temperature of each 
bath was known accurately. The tubes CD and C'D' were also 
at 0°C. Ice-cold water 'dripped on to blotting-paper round BO 



Fig, 9*6.— Apparatus for Investigating the Expansion of Mercury (Callendar 

and Moss). 

and B'C' to prevent the conduction of heat along the horizontal 
tubes. The heights of the various columns were measured with 
the aid of a cathetometer. This consists of a horizontal telescope, 
having cross- wires in the eye-piece, and moving up and down a 
vertical graduated bar. To measure the distance AB, for example, 
the telescope is /ocnssed so that the cross- wires coincide with the 
image of the axis of AA'; it is raised until they coincide with the 
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image of the axis BC. The vertical displacement of the instra^ 
ment is equal to the distance AB. Similarly the lengths of the 
other columns may be determined. 

Let and Ho be the lengths of A'B' and AB at temperatures 
f and 0° respectively. Let and h\ be the lengths CD and C'D' 
when both these columns are at 0°. If and po densities 

of mercury at f and 0° respectively, the pressures at A and A^ are 
H + gpQ^H + gpoHo and il + gp^Jifo + gp^t^ where il is the 
atmospheric pressure. Hence 

po(Ho + Uq) == pjH^ + po^^o 

“(rfs) 

^ Hj — Ho -h 

’ • (Ho + Ao-V)< ■ 

Cailendar found that the mean value of a between 0° G. and 100° C. 
was l-82 x 10“'^deg.'“^C., and that a increased as the temperature 
increased. 

The Anomalous Expansion of Water.— Water has a maximum 
density at about 4° 0., a fact which shows that the expansion of 
water with rise of temperature is anomalous, i.e. water at 4° C. 



Upper thermome^ 


thermometer 


c\mj or— ^ 30 X 

I . Time, in minutes, 

Fig. 9*7.— Hope’s Apparatus. Modern Form. 

expands when it cools. To determine the temperature at which 
water has a maximum density Hope (1805) devised and carried 
out an experiment on the following lines. A, Fig. 9-7 (a), is 
a metal vessel, narrower at the central region than elsewhere. 
The central portion may be surrounded by a mixture of ice and salt 
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“ 0. The upper section of the appar- 


at a temperature of about ■ ^ ^ t, i -i +i,„ 

atuB is coated with a thick layer of paraffin wax, B, while the lower 
is fitted with a Dewar flask, C. These are^necessary to 
diminish the exchange of heat between the water, which is placed 
in the apparatus, and the external surroundings, except where 
the water is being cooled by the mixture m the trough. D E is a 
thick niece of provided with two apertures through which 

trtC mScSy thermometers E and K. This latter thermo- 

apparatus it has a workmg range of about 20 „ 

InitiaUy the apparatus is filled with water at about 10 C. Before 
the annular trough is filled with the coohng mixture the reatog of 
the upper thermometer wfll be slightly m excess of that _ of the 
lower rae for the warmer and therefore less dense portions of 
the water are on top. When the mixture is appHed the temperature 
of the water in the lower parts of the apparatus ^ begm to faU, 
at first slowly, but then more rapidly, and finaly more slowly, 
until it is 4“ C. Meanwhile, the water in the upper parts of the 
apparatus is only cooled by a smaU amount by the process of 
conduction. The cooling in the lower parts has been brought 

about by convection. . , i • 

After this stage has been reached the water m the central region 
becomes cooled to 0° C., but it does not rise, since wate at a tem- 
perature between 0° C. and 4° C. has a density greater than that at 
about 10° C., which is stiU practicaUy the temperature m the 
upper portions of the apparatus. More heat is then abstracted 
from the water near the centre, ice crystals are formed, ^d these 
rise. The water in the upper parts is cooled by the crystals as they 
melt untn the temperature is reduced to 0°0. More ice crystals 
are then formed and these collect at the top, forming a layer of 
ice. The temperature indicated by the lower thermometer remains 
4° C., although it tends to fall — due to heat lost by oonductiom 
If 'the temperatures of the two portions of water are plotted 
against time, curves similar to those shown in Fig. 9-7 (b) are 

obtained. This experiment proves that water has a maximum 
density in the neighbourhood of 4® C. 

Hope’s Experiment Modified.— Dysost has recently-described 
the following experiment to demonstrate the fact that water has 
a maximum density at 4° 0. The modification reverses the Mual 
procedure, and works by warming ice-cold water by me^ of the 
energy dissipated in a smaU electric heater, A, Eig. 9-8, fixed near 
the middle of a smaU vessel. This consists of a rectangular vessel 
15 cm. X 7 cm. X 2*6 cm. Uniform heatmg of the surroundings 
is prevented by a poorly conducting covering to the apparatus. 
The walls are made of ebonite sheet about 6 mm. thick, the joints 
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being made water-tight with the aid of Ohatterton’s compound. 
The heating coll is of nichrome tape from an old electric iron. It 
is wound on a narrow strip of mica, and protected at the back and 
front by wider mica strips. The resistance of this coil is about 
10 ohms. The coil is mounted in a thin- walled copper tube. The 
procedure is to fill the apparatus with ice-cold water. This is 
left for a minute or two, then removed, and the whole refilled with 
ice-cold water. After eddy cun-ents have subsided, the current is 
switched on (0*75 ampere) and readings of two mercury-in-glass 
thermometers, Ti and Ta, situated as indicated, noted at half- 
minute intervals. The water in the central portion of the appar- 
atus becomes warmed and until its temperature is greater than 
4® C. sinks, displacing the water in the lower part. This occurs 



because water between 0® C. and 4® 0. has a density greater than 
that of water at 0®C. As the heating proceeds, however, the 
water in the central region finally attains a temperature of 4® C., 
but it does not rise, since the density of the water in the superin- 
cumbent layers is less than unity. No convection currents are 
produced in the upper part of the apparatus until the temperature 
of the water near to the heating coil exceeds about 8® C., for then 
the density of the water close to the heating coil is less than that 
above it, and so convection currents are formed. These tend to 
increase as the heating proceeds. In this argument the effect of 
the heat exchange between the apparatus and its surroundings 
has been neglected— in practice this exchange will modify slightly 
the shape of the ideal curves shown in Fig. 9»8 (6). The advantages 
of this apparatus are that it is quick in action and no freezing 
mixture is required. 

If this experiment were continued for some time the temperature 
of the lower thermometer would rise above 4®C., owing to heat 
being conducted downwards, but there would then be no convection 


jk. 
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currents in this part of the apparatus since the water at the top is 

always hotter, 

Further Experiments on the Maximum Density of Water .— 
Joule and Playeaib (1851) investigated the temperature 
the density of water is a maximum in the following way, and the 
result they obtained is more reliable than that obtained with 
Hope’s apparatus. Two vessels, A and B, Fig. 9*9, made of tmned 
iron and filled mth air-free distilled water, were connected at the 
bottom by a brass pipe, C, and accurately ground stop-cock, D, 

whilst at the top they were 
joined by a rectangular trough, 
F, 6 in. long and 1 in. deep. 
A slide placed in this trough 
when necessary prevents the 
flow of water from one vessel 
to the other. The cylinders 
themselves were each 6 m, in 
diameter and 4 ft. 6 in. long. 
They were supported in two 
places by means of wooden 
brackets. Hi, H 2 , and hay- 
bands wrapped round the 
vessels prevented the exchange 
of heat between the vessels 
and the surroundings from 
being excessive. To keep the 
apparatus free from vibration, 
it was allowed to rest on a 
support not in contact with 
the floor of the laboratory. 

When the stop-cock D was 
opened and the slide carefully 
removed, a flow of water took 
place from one vessel to the 



Fig. 9*9.— "Joule and Playfair’s Appar- 
atus for investigating the Tempera- 
ture when the Density of Water is 
a Maximum, 


other if there was the least difference between the density of the 
water in the two cylinders. This flow was made manifest by plac- 
ing a hollow glass bead or baU in the iron trough. The mass of 
this bead was such that it only just floated— a matter of great 
importance, as the slightest buoyancy is accompanied by a certain 
degree of capillary attraction, and makes the ball liable to adhere 
to the sides of the trough.” The temperatures were determined 
with the aid of mercury thermometers, sufficiently sensitive to 
detect changes in temperature of less than 0*005° C. 

In making an experiment with this apparatus, the stop-cook 
in the connecting tube was closed, the water in each vessel thor- 
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oiighly stirred ; when it had come to rest, the stop-cook was opened, 
the slide removed, , and the motion of the bead observed. If this 
moved, it indicated that the water in the cylinder towards which 
the bead moved had the greater density. When a pair of different 
temperatmos had been found for which the density of the water 
was the same, then one of them must be above and the other below 
the temperature at which water has a maximum density. Joule 
and Pla^air obtained a series of such pairs of temperatures in which 
the temperature difference became smaller and smaller. In this 
way they located the maximum density of water at 3*95® C. 



Fig. 9 '10.^ — 
The Specific 
Volume of 
Water. Its 
V ariation 
with Tem- 
perature, 


The variations in the specific volume of water with, change in 
temperature have been investigated at the Physikalisch’-Technischen 
ReichanstaUi Berlin, where the method of balancing columns '' 
was used. The results, confined to the range 0® 0.-40° C., are 
shown in Pig. 9*10. 

The Millilitre. — Originally the kilogram was defined as the mass 
of a cubic decimetre of pure water at the temperature of its maximum 
density (and under a pressure of one standard atmosphere). The 
underlying idea was that there should be a simple relation between 
the unit of mass and the unit of volume. Having agreed to this 
definition several French physicists were entrusted with the work 
of constructing a standard kilogram of platinum. Before the middle 
of the last century it had been definitely established that the 
mass of the above standard was not identical with that of a cubic 
decimetre of water at 4° C. and under a pressure of one standard 
atmosphere. Which mass was to be chosen as the standard ? 
Eventually the platinum standard was adopted, so that the kilo- 
gram is now defined as the mass of a certain lump of platinum- 
iridium (a copy of the original Borda kilogramme), and when 
coraparisons with it are being carried out a correction for the 
buoyancy of the air is to be made if the material of the mass to be 
compared is not also platinum-mdium [c£ p. 83]. This choice of 
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a unit destroys the simplicity existing in the original definition, 
the density of water no longer being 1 gm. cm.”® at 4® C. and under 
a pressure of one standard atmosphere. The difference is small, 
but it has to be considered in accurate work dealing with volume 
determinations. Accordingly, the litre is now defined as follows : 
“ It is the volume of one kilogram of pure water at the temperature 
of its maximum density and under a pressure of one standard 
atmosphere.” On this basis 

1 litre s 1000 028 cm.®. 

The litre and millilitre (ml.) are now frequently chosen as the 
units of volume, burettes, flasks, etc. being marked in millilitres and 
fractions thereof. The advantage of this arrangement is that 
simplicity .is regained, for the maximum density of water is 
1 gm. ml.”\ “ 

The Correction for Stem Exposure .—Let us now investigate 
the correction to be applied to a mercury thermometer on account 
of stem exposure. Suppose that % is the reading of the ther- 
mometer when immersed in a bath whose temperature is n degree 
divisions of the thread being exposed. Let be the mean 
teir^perature of the exposed column as derived from observations 
on two independent thermometers situated near to it. Now the 
volume corresponding to one degree division may be considered as 
our unit of volume for this particular purpose. If a is the apparent 
coefficient of expansion of mercury in glass, viz. 0*00016 deg.”^C., 
then if the exposed column were heated to it would expand 
or for practical purposes na{% — t^) since and % 
are nearly equal. The corrected temperature is % + na(% — 

This calculation is of purely academic interest.] 

Example, U ^ 250° C., n = 150, and == 40° C. 

U 250 -f (150 X 0*00016 x 210) = 265 0° C. 

Correction of Barometric Reading for Temperature.— Let 
H j be the height as measured on the scale whose coefl&cient of linear 
expansion is X. This is not the true height, since if the scale were 
graduated at C. and used at C., each cm. division which is 

exact at ^ 1 ° will be 1 + ^(j5a ^i)* 

For suppose % is the distance between two consecutive cm. marks 
when the temperature is 0® C. Then Zi, the distance between these 
marks at C., is given by 

==io(l +^^i) — 

since it has been assumed that the scale was constructed at this 
temperature. 

Similarly = Zo(l + Xt^), 

where Z, is the distance between the same marks at C. Hence 
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1-4" ^2 

^ 1 + 

or ^2 = [1 + ^(^2 — <x)] cm. 

This approximation is Justified by the fact that % is smaU and 
ti and i 2 ^aot, in practice, very different from each other. 

The barometric reading corrected for the fact that the scale is 
used at a temperature different from that at which it was made is 
therefore Hi[i + X{t 2 — [say]. The pressure is 

wherepa is the density at 0. : we require the height H of a column 
of mercury at 0° C. which would exert this same pressure. If po is 
the density of mercury at 0° C. and a its coefficient of expan- 
sion, H is determined by the equation 


^PqH — gpaH'a. 


Since pa = * 
H = 


Po 

(1 + a^a)’ 

HJl + A«2 - k )] 
[1 + ah] 


Mehmke’s Method for Correcting 
a Barometric Reading for Tempera- 
ture. — ^Te determine the corrections to 
be applied to barometer readings for 
temperature, assuming the scales to be 
graduated at 0° 0., Mbhmkb proceeded 
as follows. Suppose that the observed 
reading is 751 mm. of mercury at 17® C. 
By means of a straight line join these 
points on the scales A and C shown in 
Fig. 9*11. The intercept on the scale 
B — ^2*1 mm. — ^then gives the amount to 
be subtracted from the observed height 
in order to reduce the reading to 0® 0. 
A device of this sort is known as a 
nomograph. 

Gas Regulators and Thermostats. 
—As the name suggests, a thermostat is 
a source of constant temperature. If a 
bath is heated by a gas flame the temper- 
ature of the bath is never constant ; this 
is because the supply of gas varies or 
else draughts exist and these, being of a 
variable nature, cause the heated body to 
lose thermal energy at different rates. 
The device shown in Fig. 9*12 is used to 
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Fm. 9-11. — ^ehinke’s 
Method for reducing a 
Barometric Beading to 
0® C. (for scales on 
brass). 
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regulate tiie supply of gas, so that when the 
temperature tends to fall, more gas is sup- 
plied, and vice versa. The regulator A is 
placed inside the bath which is to become the 
thermostat, and gas entering at D travels 
along the path indicated by the arrows to 
the burner. The bulb A contains toluol, this 
liq^uid being chosen on account of its high co- 
efficient of expansion but otherwise constant 
properties. When the temperature rises 
beyond the desired limit the expansion of 
the toluol forces the mercury upwards and 
this seals the tube at B ; the screw C is • 
arranged to allow sufficient gas to flow to the 
burner through E and so prevents complete 
extinction of the flame. The desired tem- 
perature is obtained by altering the position 
of the narrow tube in B. The rubber at C 
must be sufficiently long to allow for this 
manipulation. 

The Thermal Expansion of a Gas at 
Constant Pressure. — ^In an earlier section 

FtG.9.12.-GasB9gu- 

lator for Thermo- of ^ given mass of gas at a constant temx^era- 
stat. ture depends upon the pressure to which it is 

subjected, so that if we wish to investigate 
how its volume varies with temperature the pressure inside the 
apparatus must be maintained constant. A convenient form of 
apparatus and a method of filling it with dry aii* is indicated in 
Fig. 9-13. A glass tube of uniform diameter [about 2 mm.] and 
40 cm. long having been cleaned, dried, and closed at one end [cf. 
p. 141], is attached to a scale graduated in cm., etc. A pellet of 
mercury, 5 cm. long, is placed half-way down the tube, thus en- 
closing a quantity of air. To dry this air, an arrangement such 
as that indicated in Fig. 9*13 (a) may be adopted. A quantity 
of soda lime is placed in a U-tube and one of its limbs is provided 
with a rubber bung through which passes a glass tube K. This 
is drawn out to a fine capillary. A gentle stream of air is blown 
through this apparatus so that the air in H shall be dry . By means 
of a wide glass tube drawn out to a capillary a pellet of mercury is 
introduced into the experimental tube, P. This tube is held in 
a vertical position and the air below the pellet removed by inserting . 
the end of a fine capillary below the pellet. The excess pressure 
due to the weight of the pellet forces the air below it through 
the capillary. This is then withdrawn and the tube P placed in a 
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horizontal position with the end of the capillary attached to K pro- 
jecting beyond the pellet. P is then slightly raised when the pellet 
moves slowly down F and dry air is drawn into the tube. This 
operation is repeated several times to dry the walls of P thoroughly. 
When this has been done the tube P is withdrawn and attached 
in a vertical position to S, Fig. 9*13 (6 )j by means of rubber bands, 
B and 0. This is then placed in a metal container and surrounded 
by melting ice. The position of P is adjusted so that the upper end 
of the mercury pellet is visible. The ice is thoroughly stirred and 
when the position of the pellet becomes con- 
stant the temperature of the air in the tube 
will be 0° C. If the tube is uniform in dia- 
meter the length of that portion occupied 
by the dry air is directly proportional to its 
volume. To determine this length it is not 
desirable to raise the tube from the water 


/ 





(b) 

to see the lower end of the pellet since the air inside may be 
changed in temperature. This difficulty may be avoided by 
measuring the length of the mercury pellet [the small change in this 
with temperature being neglected], and observing the position of the 
upper end of the pellet. In addition, if the scale S extends beyond 
the open end of the tube, the position of this end should be adjusted 
to some definite mark on the scale before taking observations, 
since the tube may move during the course of the experiment. 

The length of the tube occupied by dry air having thus been 
ascertained at 0° C., the ice is removed and the temperature raised 
to that of steam under the existing atmospheric conditions. This 
is preferably done by jacketing the tube with a wide brass tube 
through which steam is passed. The corresponding length of the 
tube below the jpellet is determined, ■ 


r 
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Nouf the coefficient of increase in volume at constant 
pressure, is defined as the fraction of the volume at the tem- 
perature of melting ice by which the volume of a given mass 
of gas increases for a rise in temperature of one degree, the 
pressure remaining constant » Hence 

increase in volume at constant pressure ^ 

volume at the temperature of melting ice X change in temperature 

The above experiment enables to be found and it will be 
noticed that no thermometer has been used. Strictly speaking, 
ocj, as here determined, is an “apparent"’ coefficient, but the 
correction for the expansion of the glass is negligible compared with 
the experimental errors. 

The same apparatus may now be used to check the graduations 
of a mercury-in-glass thermometer. Thus, to determine the 
correction to such a thermometer at 50° C., the tube and mercury 
thermometer are placed in water and the temperature adjusted 
by passing in steam [or otherwise]. When the temperature is 
steady, the reading of the mercury thermometer and the position 
of the pellet in the tube are noted. Assuming a^, the temperature 
of the bath is calculated and the correction to the mercury ther- 
mometer deduced. 

Guy Lussao, and later Regnault, investigated the thermal 
expansion of gases at constant pressure. They found for the 
so-caUed permanent gases that this coefficient was equal to 
0*00367 or deg.^^C. This statement is an expression of a law 
generally referred to as Charles’ Law. [The gases hydrogen, 
oxygen, nitrogen, helium, are called permanent since at one time it 
was believed that they could not be liquefied.] 

The Pressure Coefficient, — K a gas is heated under the con- 
dition that its volume remains constant, the pressure increases. 

The coefficient of increase in pressure at constant volume, 
ocp, is defined as the fraction of the pressure at the tempera- 
ture of melting ice by which the pressure of a given mass of 
gas increases for a rise in temperature of one degree, the 
volume remaining constant. Hence 

Pt-Pci^ + 

If the gas obeys the laws of Boyle and of Charlesit may be shown 
that ==oc u. Let p, V and t be the pressure, volume and temper- 
ature of a given mass of gas, whilst suffixes attached to ^ and V de- 
note the values of these quantities at different temperatures. If the 
temperature of the gas is increased from 0° to f while the pressure 
remains constant, 

^ V =V.(1 + V) 
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If the temperature of the gas remains at t°, hut the pressure is 
increased to until the volume is Vo, then, hy Boyle’s Law,. 

PoV, = p*Vo . . . . . . . . (2) 

Eliminating from these equations, we have 
PoVo(l + cx^t)==Pi^o 

or (3) 

If, however, the volume had remained constant throughout and the 
temperature had been increased from the temperature of melting ice 
to f , then from the definition of a® 

PoO- +^vi) ....... (4) 

Hence 


mm 


Experimental Determination of a*,, the Pressure Coefficient. 
— A convenient laboratory D 

method uses the apparatus U 

indicated in Eig. 9d4. A / 

bulb A, containing dry air, / 

is connected by rubber tub- t« 

ing to a mercury reservoir B. ^ ' S 

The glass tube leading from ' ika 

A passes through a cork in ^ j 

the bottom of a metal vessel -- — - fi* 

D, containing melting ice. C - M 1 

is a fiducial mark to which M 

the level of the mercury is [jij ^ 

adjusted by raising or lower- ^ ^ W 

ing B when the temperature ^ S- ' 

of A has been kept constant % j) W 

for several minutes by thor- 5 

oughly stirring the ice mix- ^ f 

ture. To determine the differ- W m S 

ence in height h between the m W S 

levels of the mercury at C C \ s! 

and B, a U-tube is partly JlI ^ = I 

filled with water and placed ’ 

as shown. The required m 

difference is ascertained by ffi W 

means of the scale S. If the m M 

barometric height is known 

the pressure in A may be 

calculated. ^ 9*14:.— Apparatus to find av 

The ice is then removed 

from round A and the temperature raised hy passing in steam. 
A finally acquires the steam temperature and after the bulb has 


miTv 


Fig. 9*14:.— Apparatus to find av 
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been at this temj>erature for several minutes and the mercury 
brought to 0, the pressure in the apparatus is determined as 
before. Then may be calculated, since 

Again it should be noticed that a*, has been obtained without 
reference to a mercury thermometer, and the instrument may be 
used to standardize a mercury thermometer. 

If the mercuryin the tube B is at the temperature of the mercury 
in the barometer, the height Ji may be added to the uncorrected 
height of the barometer, since the final calculation depends on the 
ratio of pressures. To deduce t, however, the barometer height 
must be corrected in the usual way. 

The Absolute Zero of Temperature —Since a gas at constant 
pressure expands by of its volume at 0°C. for every degree 
Centigi'ade rise in temperature (or contracts for falling temperatures), 
it follows that at 273° below 0® C. the volume of the gas would become 
zero, if the gas retained its normal properties— in practice all gases 
liquefy and solidify before that temperature is reached. Never- 
theless, for mathematical reasons, it is desirable to introduce the 
idea of such a temperature, and it is referred to as the absolute zero. 
The convenience of this conception is at once apparent. If the 
absolute scale of thermometry is adopted, the zero on the Centigrade 
scale becomes 273° absolute or 273° K,^and the volume of a gas, at 
constant pressure, is proportional to its absolute temperature ; this 
is so because if the volume of the gas at 0° C. is divided into 273 equal 
portions, then the volume at 1° C. is 273 + 1 = 274 ; at f C. it is 

273 + ^ (273) = 273 + tt Since 273 + t is the absolute tem- 

perature corresponding to 0., we see that the volume of a given 
mass of gas at constant pressure is directly proportional to 
its absolute temperature [Gay-Lussac^s lawj. 

The Characteristic Equation for Gases.— If jp is the pressure 
t? the volume and T the absolute temperature of 1 gm. of gas, then 

S = constant = R* 

This equation, which is called the characteristic equation for a gaSs 
shows that if T is constant, then pv is constant [Boyle’s Law] ; 

on the other hand if t? is constant - is constant, or if j? is constant, 

V , 

-^is constant [Gay-Lussac’s Law]. If now a volume V is considered, 

^ This notation is freqnentiy adopted nowadays. The K is the imtial 
letter of EjELvnsf, the name of the man who first showed that such a scale 
of temperature was theoretically sound. 
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siioh that the mass is m gm., the characteristic equation becomes 

T ^ 

This may be written 
pY 

= mass of gas (in gm.). 

This equation means that for any given mass of gas 

T 

This equation is utilized in the construction of a standard gas ther- 
mometer, but before such an apparatus is described its use in a 
numerical example will be demonstrated. 

Example, Two bulbs of 100 cm.® and 200 cm.® capacity are con- 
nected together by means of a capillary of negligible bore. Initially 
both bulbs are in melting ice j finally the 200 cm.® bulb is in steam 
at 100® 0, If the initial pressui‘e is 76 cm. of mercury, what is the 
final pressure ? [Neglect expansion of the bulbs.] 

Let p be the final pressure. 

Consider the mass of gaa in the smaller bulb. 

^ 76 X 100 . . . , 

Initially, ^ mass of gas m the smaller bulb. 

76 X 200 ■ . , , 

“ R ~ x 273 “ ^ larger bulb. 

76 x 100 76 x 200 

*** ja" ' x ' " 273 B, X 273 ^ bulbs (and it is this 

quantity which remains constant). 

Finally, g ma&s of gas in smaller bulbj 

P X 200 ^ , 

g ^ ~ 3 7 3 mass of gas m larger bulb ; 

. p X 100 . p X 200 

■ * Br>r2^3 |t ~ x" 37 3 ^ <^f ^ both bulbs 

76 X 100 76 x 200 

~R X 273 '^R X 273 
p = 92*6 cm, of mercmy. 

The more general equation referring to several bulbs at difierent 
temperatures is eewsily Written down, for 

PiYi 

^ mass of gas in 1st bulb. 


RTj 

BT. 


RTi ■‘‘RTj ■^RT. + 


mass of gas in 2nd bulb. 
pY 




RT 


constant (the total mass 
of gas). 
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The Constant Volume Gas Thermometer —A simple form 
of such a thermometer is shown in Fig. 9T5. A bulb A is connoted 
by means of a capillary tube to a manometer, DE, the space above 
the mercury being exhausted so that observations on a second 
barometer are unnecessary. If at any time any gas should fand its 
way into the space above E, it may be forced into the small bulb 



Fig. 9*15.— Constant Volnine Gas Thermometer. 


above the constriction shown by raising E. When F is restored 
to its normal position a small peUet of mercury remains m_ the 
constriction, the gas being entrapped above it. The reservom_F, 
containing mercnxy^ may be raised or lowered by means of a pulley 
(not shown in the diagram). To use this apparatus to measure an 
unlmown steady temperature it must first be used to determine the 
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reading on the absolute scale of temperature corresponding to 0® C., 
the temperature of steam under standard conditions being defined 
as 100® C. [This is equiralent to finding since the reciprocal of 
this is the number required.] 

To do this the bulb A is first immersed in melting ice and then in 
steam. In each instance the pressure inside the bulb A when the 
mercury in the manometer is in contact with the extremity of 
a piece of black glass, G; which serves as a fiducial mark, is 
determined.^ 

Simple Theory. — Let us first neglect the volume of the dead 
space and the expansion of the bulb A. Let V be the constant 
volume of A. Let To be the absolute temperature corresponding to 
the zero on the Centigrade scale. Let t be the steam temperature 
on the Centigrade scale at the time of the experiment. The corre- 
sponding absolute temperature is (To + 0* Pt t© the 

pressures in A when its temperature is 0® C. and f C. respectively. 


Then 




PoV 

RTo 

= mass of gas enclosed in A 



Ptf 

R(To + t) 

I Hence 



. # ■ 

Po 

To 

_ Pt • 

To + < 


Since and t are known, Tq may be calculated. 

Let us now suppose that d is the temperature on the Centigrade 
scale which is to be measured. Let Pq be the pressure in A when its 
temperature is 6. Then 

^>0 Pe 
To-^To + d 

so that d is determinable. 

More Complete Theory,— Let p be the pressure, and V the volume 
of A, where suffixes are now used to denote the values of these variables 
at corresponding temperatures. Let co be the volume of the dead 
space, and t be its mean temperature as measured by calibrated 
mercury thermometers placed near to it. [Mercury thermometers 
may be used since terms containing o) and t only appear as small 
quantities in the final equations,] Then the symbol indicates the 


^ Attention must be drawn to the fact that the mercury levels ia K and 
F are the same when the mercury level in X> is beiug made to coincide with 
the tip of G — ^the tap N being open, of course. If H is closed, as iu the dia- 
gram, this condition no longer necessarily applies, for F may be lowered with- 
out affecting the mercury level in K. 
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mean temperattire of a> when A is at 0® C. Similarly is the particular 
value of ca mider these conditions, etc. Then 

^ + B( f; + r, ') ° 

pjVt pm 

■^B(To+«) "^BCTo +T^) 
ff3{Vo[i + yt] p^Q>o[i + ~ ‘^o)] 

~ R(To +t) R(To +rd 

where y is the coeiSicient of cubical expansion of glass. 

To solve this equation for Tq we first omit all terms containing co — 
the ‘‘ correction terms ’ — and use the resulting equation to obtain an 
approximate value for Tq. This value is then inserted in the correction 
terms of the more exact equation and the equation thus obtained 
solved for Tq. 

Similarly when A is at 0®C„ we have 

^oYo _£o6>o PBWO 

ET„ R(T, + To) B{To + 6) B(T„ + r«) 

_ P9’V'o[l + yd] pemoll 4- y(re - r,,)] 

~ R(T„ + e) R(To+ts) 

The Constant-pressure Gas Thermometer, — ^The apparatus 
described on p. 175 may be used as a constant-pressure gas ther- 
mometer : in fact, it is a simple form of Gay-Lussac’s original air 
thermometer. Such thermometers are not capable of yielding accurate 
results, for gas tends to leak passed the mercury pellet. A more modern 
form is indicated in Fig. 9-16. A bulb S is connected to a mercury 
manometer by means of a narrow tube AB (1 mm. diameter). The 
amount of mercury in the manometer, and hence the pressure of the 
apparatus, may be controlled by the siphon EF. The bulb S and the 
manometer CE are immersed ain baths, the temperature of the former 
being varied whilst that of the latter is kept at T^. Stirrers placed 
in these baths help to keep the temperatures uniform. Polished metal 
screens X and Y diminish the exchange of heat between the two sides 
of the apparatus. To use this thermometer to measure a steady 
temperature we have to standardize the instrument when its bulb 
is in ice and then in steam, as in the previous experiment. Let V be 
the volume of S, co that of the connecting tubes, and t? the volume 
above the mercury level in the manometer. Let t be the mean tem- 
perature of CO as measured by calibrated mercury thermometers. Then 
by reasoning similar to that used in the previous section, we have, if 
ij is the pressure of the gas which is constant throughout the experi- 
ment, 

HVq ^ IIcoq Uvq HVt Umt Hvt 

% (To -f To) To '"(To + «)^(To+t^)'^ To' 

where vt is the volume of gas above the mercury in the manometer 
when S is at a temperature C. 

If y is the coefficient of cubical expansion of glass, the above equation 
may be written 

Y® j. . !!«_ YsiLiil) j. <0(>[i + yin - ^o)] 2_ 

T, + (T, + To) + T,“ (To + t) + (T, + Ti) + T.- 
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Hence Tq may be calculated, since is knowii from the position of 
the mercury in the manometer. . 

Similarly 

V„ . co„ . % Vo(l + yS) , C0o[l + vCts - To)] - Ve 


(To +To) 


V'o(l + yd) coo[l + yjre - r,)] , ^ 
To+0 (To+to) 


so that d may be determined since To is known. 

This apparatus may be used to determine the expansion of an 




Fig. 9*16. — Constant Pressure Gas Thermometer. 


irregular solid or the change in volume occurring when a metal melts 
If W is the volume of the metal in S the volume of gas is V — W, so 
that the general equation becomes 

Ye — We 0)0 ve . , 

+ tT+t. + To 

If the volume of the metal in the apparatus is known at one tern* 
perature, the above equation enables us to deduce that at a second 
temperature when the experiment has been carried out at these two 
temperatures. 

Callendar’s Compensated Gas Thermometer (Constant Pres- 
sure), — ^The gas thermometer described in the previous paragraph 
is not a precision instrument, chiefly owing to the errors arising in the 
determination of «?, since the mercury surface has to be viewed through 
a water bath. To avoid this and also eliminate the correction for dead 
space CALLEimAB devised the compensated gas thermometer shown 
diagrammatically in Eig. The “thermometer side” of the 

instrument consists of a glass [or silica] bulb V attached by capillary 
tubing 1 inm, in diameter to another bulb M containing mercury. 
This is kept in melting ice, and mercury may be withdrawn &om it 
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tlirougli the siphon A. The ** compensating side ” of the instrument 
consists of a bulb S maintained at 0°C. throughout the experiment. 
These two parts are coimected together by an oil gauge B. 

Actually the apparatus was bent at the points X and Y so that the 
capillary tubes lay side by side and were therefore at the same mean 
temperature. Initially all bulbs are at 0® C. and the pressure, IT, and 
mass, m, of gas on each side of the gauge made equal. Let V, S and 
M be the volumes of the gas in V, S, and above the mercmy in M 


^^Thermometer 


'"Compensating 



Tig, 9*17. — Callendar’s Compensated Gas Thermometer, 
respectively. Hence, when aU three bulbs are in melting ice, we have 


ilV, 


JflOo 




HTo ^ E(To + To) ^ BTo 


ilMft iTcOo -^^0 

R(T„ + To) +110=”*’ 


, Eo_ ^o 

+ T -nn 


Similarly, when V is at C., 
ir^t Tlcot 


B(To + t) 


.+ 


H(To + T^) 


+ 


mit 

RT. 


ilSn 


, ^ 

(To + t)‘^To 


Tlcot 4iKJo 

VII(T„ +ri) +BTo 

So 

’To- 


Hence 


or 


+ Mo_ 

frv 


To 

Vo{i + y^) 


„ ... z ^ + 

(T„ + i)^T, 


Vq 4- Mq 


0 

Mt 


To -}- t 

so that To is determinable. 
Similarly, when V is at 6° C., 


To 


Vo(l +y0) Vo + MO-M0 
To + 0 “ To 


so that 6 is known. 


i.J _ , 
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If the bnlb is made of siKca, y may be neglected, and we have 

To 4- e Vq 

To Vo -f Mo — Me 


i.e. 



Me Mq 1 
+ Mq — Me-i 


EXAMPLES IX 

1. — -Mercmry has a density of 13*69 gm. cm*-® at O*’ C. What is its 
density when placed in steam (barometer 75*1 cm. of mercury). 

2. — A glass weight thermometer has a mass 6*34 gm. when empty, 
and 161*73 gm. when filled with mercury at 99° C. If 2*08 gm. have 
been expelled in changing the temperature from 0° C. to 99° C., deter- 
mine the coefficient of relative expansion for mercury in glass. 

3. — ^A mercury thermometer heis a stem 18*6 cm. long, the internal 
diameter of which is 0*068 cm. The thermometer is to be used from 
— 6° C. to 110^ C, Calculate the maximum volume of the bulb if 
the expansion of mercury in glass is 0*00016. deg.'^ C. 

4. — -Convert the following values to S.T.P. 

(a) 260 cm.*, 17° C., 78 cm. pressure. 

(b) 1092 cm.*, 101° C., 40 cm. pressure. 

6.-— A litre of air at S.T.P. (Le. standard temperature and pressure, 
0° 0. and 76 cm. of mercury at 0° C. etc. respectively) has a mass of 
1*29 gm. At what temperature will the mass of a litre of air be tmity 
under a pressure of 768 mm. of mercury ? 

6. — A sample of dry gas is contained in two vessels connected to- 
gether by a tube of negligible volmne. Both* vessels are initially at 
20° C. One is raised to 100° 0, What is the final pressure if the 
initial pressure is 72 cm. of mercury, and each bulb has a constant 
volume of 48*6 c.c. ? 

7. — ^Describe a modem form of gas thermometer and explain how 
you would use it to measure an unknown but steady temperature. 

8. — ^Describe an accurate method of determining the coefficient of 
absolute expansion of mercury. If a column of liquid 60 cm. long at 
4° C. balances a column of the same liquid 60*5 cm. long at 98° C. 
calculate the absolute coefficient of cubical expansion of the liquid. 

9. — The density of mercury at 10° C. is 13*67 gm. cm.~*. At 100° C. 
it is 13*35 gm. cm.-®. What is the mean coefficient of expansion of 
mercury between these two temperatures ? 

10. — A column of mercury is placed at the middle of a uniform 
glass tube and both ends of the tube are closed when the tube is hori- 
zontal, and the pressure everywhere 76 cm. of mercury. The tube 
is then placed vertically and it is found that the length of the tube 
occupied by the air above the mercury is twice as great as that occupied 
by air below the mercury. What is the length of the mercury colu m n t 

11. — Distinguish between the absolute and apparent coefficients of 

expansion of mercury, and explain how the former coefficient has been 
directly determined. ' 

12. — Explain how (a) the change of volume of a gas heated imder 
constant pressure, (b) the change of pressure of a gas heated at constant 
volume, may be used to define a scale of temperature. Show that if 
the gas is an ideal gas the two scales will agree. Describe a form of 
apparatus suitable for measuring temperatures on the first scale. 
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13*— Ib 1802 Dalton observed that 1,000 volumes of air at 55° F. 
become 1,321 volumes at 212° F., the pressure being constant. Compare 
the value of the coefficient of expansion of air at constant pressure 
given by these observations with the ordinary text-book value.— 
(N.H:.S.C. 29.) 

14:. — ^If a series of observations of the volume, v, of dry gas enclosed 
in a Boyle’s law apparatus and the excess pressure (p) inside the 
apparatus were made, explain how the atmospheric pressure may be 

deduced from a graph showing the relation between p and — . 

15 , — ^Describe experiments to show that water has a temperature of 
maximum density at about 4°. 

Discuss the bearing of this fact on the freezing of water in lakes. 

15 , — ^ cylinder of iron 30 cm. long floats vertically in mercury at 
0° C. Calculate the increase in the depth to which the cylinder sinks 
when the temperature is raised to 100° C. Density of mercury at 
0° C. = 13*6 gm. cm.-® 5 density of iron at 0° C. = .7*6 gm. cm.-® ; 
absolute coefficient of expansion of mercury = 1*82 x 10-* degr^ C. ; 
coefficient of cubical expansion of iron = 3*51 x 10“® deg.-^C, 

17. — Describe how you would proceed to verify Boyle’s law. The 
height of a faulty barometer which has a little air in the space at the 
top of the mercury column is 28*6 in. when the barometric height is 
29-1 in., and 29*2 in. when the true height is 30*1 in. Calculate the 
barometric pressure when the instrument indicates 28*9 in. 

18. — Distinguish between the true and apparent coefficients of ex^* 
pansion of a Squid, and explain how the true coefficient of expansion 
of mercury has been directly determined. 

19. — ^Describe how you would determine the coefficient of expansion 
of a liquid by floating a Nicholson’s hydrometer of known expansibility 
in it. If a liquid has a density of 0*831 gm. cm,-® at 15° C. and 0*793 
gm. cm.-® at 82° 0., calculate its mean coefficient of expansion between 
these temperatures. 

20. — Give the theory of a weight thermometer and describe how 
you would use it to determine the coefficient of expansion of mercury. 

21*— A barometer reads 754 mm. at 17° C. Find the reading at 
0° C., if the apparent coefficient of expansion of mercury in glass is 
0*00016 deg.-^ C., and the coefficient of linear expansion of glass is 
9 X 10-® deg.-^ C. Assume that the instrument is furnished with a 
glass scale correct at 0°C, 

22. — ^The density of water at 4° C. is unity, and at 60° C. 0*983 
gm. cm.-®. Calculate the mean coefficient of expansion of water 
between these two temperatures. 

23. — J^soribe Regnault’s method of determining the coefficient of 
expansion of mercury. 

24. — A flask containing dry air is corked up at 20° C., the pressure 
being 1 atmosphere. Calculate the temperature at which the cork 
will be blown out if this occurs when the pressure inside the flask is 
1*7 atmospheres. 

25. — In an experinaent to deterroine the expansion of a liquid by 
the method of Dulong and Petit, the heights of the columns were 59*72 
cm. and 61*08 cm., the temperatures being 0*0° C. and 99^7° C. respect- 
ively. Calculate the coefficient of expansion of the liquid. 
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Qi^antity of Heat* — The fact that two or more equal masses of 
different materials are at the same temperature does not mean that 
they are thermally alike, i.e. if they are placed into equal quantities 
of water at the same initial temperature, the rise, or fall, in tempera- 
ture of the water will be different. This is because the bodies con- 
tain different quantities of thermal energy. The unit quantity of 
heat is called the calorie and it is the amount of heat required to 
raise the temperature of one gram of water C. This particular 
unit of heat is sometimes called the small or gram^calorie to 
distinguish it from the large or kilogram-calorie, which is defined 
as the amount of heat necessary to raise the temperature of one 
kilogram of water 0. Accurate experiments have shown that 
the amount of heat (energy) required to raise one gram of water 
0. depends upon the particular degree interval chosen. In 
practice it is customary to use the mean-calorie which is defined 
as the hundredth part of the heat required to raise one gram of 
water from 0° C. to 100® C. For accurate scientific work, where 
this variation in the calorie has to be considered, it is preferable 
to define the gram-calorie as one-fifth of the heat necessary to raise 
the temperature of one gram of water from 15® C. to 20® 0. The 
reasons for this are twofold — (a) this is the range in temperature in 
which experiments are usually made, (6) a rise in temperature of about 
5® C-isaboutthesmallestrangein temperature which can be measured 
accurately, and it is fallacious to base a practical science on a unit, 
which cannot be measured with the precision required by modern 
physics. 

Engineers use another unit of heat known as the British Thermal 
Unit [B.T.U.] ; it is equal to the heat required to raise the tempera- 
ture of 1 lb. of water 1® E. The heat necessary to raise the 
temperature of 1 lb, of water 1® C. is sometimes used in English- 
speaking countries. It is termed the Centigrade heat unit. Gas 
engineers find these units too small for their requirements so that they 
have adopted as their unit of heat the Itisequalto 100,000 
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Spedilc Heat : Thermal Capacity : Water Equivalent.— 
Experiment shows that if different bodies (solids or liquids) of the 
same mass and at the same temperature are dropped into equal 
quantities of water, in general, the rise in temperature is different 
in each instance. The bodies are said to have different specific 
heats. 

If m is the mass of a body, s the specific heat of its material, 
and d the rise in temperature when heat is added to it, then the 
amount of heat added is msd. 

Since msO = a number of heat units, it follows that the dimen- 
sions of s are given by 

[s] == cal. gm.“^ deg."^ C. [if C.G.S. and deg.C. are the units 

used.] 

[The specific heat of a given material may also be expressed in 
other suitable units, e.g. B.T.U. Ib.”^ deg.”^ E.] 

From the above equation we see that s is numerically equal to 
the amount of heat necessary to raise the temperature of unit mass 
of the substance one degree. 

‘ The quantity ms is termed the thermal capacity, c, of the body : 
numerically it is equal to the amount of heat necessary to raise the 
temperature of the body one degree. Dimensionally 

[o] = [ms] = cal. deg.~i C. [if the above units are again used]. 

The specific heat of a substance is therefore numerically equal 
to the thermal capacity of unit mass of the substance. 

Suppose that M is that mass of water whose temperature is 
raised 0 when the heat added is m$6. Then M is termed the 
water equivalent of the body of mass m and specific heat s. 
Numerically M = ms, although the dimensions of M are those 
of mass. 

Determination of Specific Heats by the Method of Mixtures. 
— The following example will perhaps illustrate this method before 
we discuss it in detail 

Example. A block of tin, mass 602 gm., was heated in boiling 
water at 99*6° C. and then dropped into 313 gm. of water j the tem- 
perature rose from 15*4° C. to 19*1® C. Find the specific heat, s, of 
the tin. 

We assume that all the heat given out by the tin in cooling from 
99*6® 0. to 19*1®C. is acquired by the water. 

Now heat lost by tin — mass of tin X its specific heat x its fall 

in temperature 

= 502 X s X (99*6 - 19-1) cals. 

Similarly, heat gained by water = 313 x 1 x (19*1 — 16*4) cals. 
Equating these two quantities 

5 = 0*029 caLgm,“'^.deg,“'^ 0. ^ ^ 

Regnault’s Apparatus for Determining Specific Heats. — 
In an accurate determination of specific heats several errors in the 
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above experiment have to be eliminated, (a) WMe the metal is 
being transferred from the heater to the water some heat is lost ; 
(/5) we have neglected the heat given to the calorimeter, i.e. the 
vessel containing the water ; (y) directly the temperature of the 
calorimeter differs from that of its surroundings there is an exchange 
of heat between them. To reduce the magnitude of the error due to 
(a) Regnault devised the apparatus shown in Fig. 10*1. The sub- 
stance is suspended- by means of a piece of cotton inside the heater 
through which steam is passed, A thermometer is inserted so 
that its bulb is in contact with the solid whose specific heat is 
being determined — ^not to measure the steam temperature— but 
merely to indicate when the temperature of the solid has become 
constant. When steady conditions have been obtained, the screen 



Fig. 10* 1. — ^Begnatdt’s Specific Heat Apparatus for Solids and Liquids. 

B is raised, the calorimeter pushed underneath the heater and the 
solid introduced into the calorimeter by withdrawing the slide A. 
The calorimeter is quickly withdrawn, the screen lowered, and the 
rise in temperature of the calorimeter and its contents observed. 
The specific heat of the solid can be calculated from the following 
equation :• — « 

Heat lost by solid = heat gained by water + heat gained by 

calorimeter, 

i.e.. ■ 

(mass of solid X its sp. ht. X its fall in ^emp.) = (mass of water 
X 1 X its rise in temperature) -j- (mass of calorimeter x its sp. ht. 
X its rise in temperature). 

In this equation allowance has been made for the heat imparted 
to the calorimeter. The product — ^mass of calorimeter X its 
specific heat — is numerically equal to the water equivalent of 
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the calorimeter. It represents that mass of water having the same 
thermal capacity as the calorimeter. 

Two methods of obtaining a correction for the heat exchange 
between a calorimeter and its surroundings are discussed below. 

Although water is generally used as the calorimetric liquid, it 
has been suggested that aniline would be better for two reasons, 
(a) its specific heat is 0*62 cal. gm."”^ deg. C., so that the 
rise in temperature is greater than with Water when equal 
amounts of heat are received by the same mass of the two liquids, 
(^) its vapour pressure is less, so that losses due to evaporation 
are reduced,. 

The Specific Heats of Liquids. — These may be determined 
by the above method if a solid of known specific heat is used 
in the heater and a known mass of liquid is placed in the 
calorimeter. The equation to be used is 

(mass of solid X its sp. ht. x its fall in temperature) 

= [(mass of calorimeter X its sp. ht.) + (mass of liquid 
X its sp. ht.)] X (rise in temperature). 

Methods of Calculating the Correction for Heat Exchange 
betv^een a Calorimeter and its Surroundings in Calori- 
metric Experiments.— Since, in general, in a calorimetric experi- 
ment the temperature of the calorimeter is not the same as that 
of its sunoundings, there must be a heat exchange between them. 
The rise in temperature if the heat exchange were zero may be 
obtained as follows 

(i) Rumford's method. — Rumforb first made a correction for 
this in the following way. By means of a preliminary experiment 
he ascertained approximately what the rise in temperature was 
in a given experiment. Let this rise be 6®. He then repeated the 
experiment with the initial temperature of the calorimeter and 
its contents below the temperature, of the surroundings. 
The maximum temperature reached in the repeated experiment 
will be (if + | 0 )° approximately — actually (^ + 9?)° — ^and Rumford 
expressed the view that the heat gained by the calorimeter during 
the time that the temperature was below t will be compensated by 
the heat loss when its temperature is above t, Tiiis would only 
be true strictly if the rate of supply of heat to the calorimeter, 
etc., was constant : in general, this is not so, for the rate of supply 
dim i ni s hes rapidly when equilibrium of temperature between the 
“hot body” and the ** calorimeter ” is nearly reached— for ex- 
ample, it may happen that the temperature changes from (^ — P)® 
to f in a time which is only one-quarter that in which the tem- 
perature changes from f to {t + 93)®. 

(ii) Ferry* s method.—FbiB is a simple modification of an 
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earlier method due to Rowland. In this, readings of the tem- 
perature of the calorimeter and its contents are recorded at known 
times, both before and after the introduction of the hot body, and 
also during the inter vM in which the temperature of the hot sub* 
stance is becoming equal to that of the calorimeter. Suppose that 
ABCD, Fig. 10*2, is the curve representing such a series of readings. 
Let the straight line «/ = i (the room temperature) intersect the 
above curve in P. From B to P the calorimeter and its contents 
receive heat from the bodj?- which has been introduced into it and 
also from its surroundings : from P to 0 they continue to receive 
heat from the body, but impart heat to the surroundings. 

Through P let a straight line parallel to the axis 0?/ he drawn, 
and let DC and AB be pro- 
duced to cut this line in Q and 
R respectively. Then, in the 
absence of heat exchange be- 
tween the calorimeter and its 
surroundings, the rise in tem- 
perature would be RQ. The 
justification for this is as 
follows : — :If the hot body 
had not been introduced into 
the ealorhneter, the tempera- 
ture of the latter would con- 
tinue to change along BR. 

Thus, while the temperature 
actually changes from B to 
P, the change from M to R 
was due to heat received 

from the surroundings, while the change from R to P was due to 
heat received from the hot body in the time BM. 

Now suppose that when the temperature of the calorimeter 
and the calorimetric liquid is equal to that of the room, i.e. as 
represented by P, an amount of heat sufficient to raise the tem- 
perature by PQ mstantaneously is added. Then in the time KC 
during which the calorimeter, etc., actually continue to receive 
heat, the loss of heat to the surroundings must be such that the 
change in temperature is QE, i.e. the point C is reached either 
along the path PQC or by the actual path PO. Hence QR is the 
required corrected rise in temperature. 

Continuous Flow Calorimetry.— This method of determining 
the specific heat of a liquid [or gas], originally developed by 
CAiiLE2Ti)AB, is suitable not only for finding the specific heat of a 
liquid at room temperattzres but also at other temperatures — or 
t^ather the actual quantity which is measured is the mean value of the 



Fig. ld*2.-~~F6rry*s Method for Correct- 
ing the Heat Exchange between a 
Calorimeter and its Stirroimdings. 
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specific heat over a small range of temperature [of. the definition of 
the calorie, p, 187]. 

An apparatus suitably for laboratory work is shown in Fig. 10*3. 
A narrow glass tube, BC (2 mm. in diameter), is attached to two 
wider glass tubes, D and E, the whole being supported by means 
of ebonite discs fitted in a glass tube, EG. 

A manganin wire passes down the tube BO and is insulated ther- 
mally from the glass by means of a thin rubber cord wrapped 
spirally round the wire. In this way uniformity of temperature 
over any cross-section of the tube is secured m the experiment.^ 
The ends of the wire are soldered to copper cups. The heating 



current is supplied from a large battery so that the current shall 
be steady, and it is meas-ured by an ammeter, A. The current 
leads are shown thick. To determine the rate at which energy 
is dissipated in the wire and in this instance transferred to the liquid 
flowing through the capillary tube, it is necessary to measure the 
potential difference across the wire as well as the current through it. 
This is done by means of the potential leads (shown thin) and the 
voltmeter, V. The potential leads are soldered to the copper cups 
at points near to the ends of the manganin wire. They are wrapped 
spirally round the cups after being threaded through rubber tubing 
of such diameter that any liquid flowing through the calorimeter 
circulates round the cups. In this way uniformity of temperature 
is secured across the bulbs of the mercury thermometers, Tj and 
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Ta, xised to measui’O tlie rise in temperature of the liquid passing 
over the manganin wire when energy is dissipated therein, i.e. 
the thermometers do indicate the temperatures of the incoming 
and escaping liquid. Tiiis arrangement is a very essential part of 
the apparatus. 

It is also necessary to maintain a steady flow of liquid. The 
Mariotte bottle, M, contains a supply of air-jfree liquid; It escapes 
from the bottle when the tap, T, is opened, and passes through a 
spiral tube, S, immersed in a large beaker of water, so that its 
temperature becomes constant before it passes through the capillary 
tube, R, also immersed in the water. The diameter and length of 
this tube must be so chosen that the liquid flows through the 
calorimeter at a convenient rate. At a given temperature the rate 
at which a liquid flows through a particular capillary tube is deter- 
mined by the pressure difference between the ends of the tube. 
To secure a constant head of liquid the bottle, M, is provided with 
two tubes, X and Y, passing through a rubber bung which fits 
the neck of the bottle tightly. Let us suppose that the shorter 
tube is used first. When T is opened, the whole of the calorimeter 
having been filled with the liquid whose specific heat is required, 
liquid begins to flow through the calorimeter. The flow is not 
steady until bubbles of air appear at the end of the shorter capillary 
tube X. The pressure is then determined by the head of liquid 
The liquid above the lower end of the tube X is the real supply. 
In the course of the experiment it will be found necessary to decrease 
the flow of liquid to about one-half that used at first ; this is done 
by closing the open end of X : bubbles of air soon appear at the 
lower end of Y, when the pressure is determined by the head of 
liquid A a. The exit tube from the calorimeter ends in a short 
piece of capillary tubing pointing vertically downwards so that the 
liquid breaks away from the tube in drops. 

If A is the current in amperes through the wire and V the poten- 
tial difference in volts across it, then the rate at which energy is 
being dissipated is VA watts [1 watt = 1 joule sec.'^^ = ergs 
g 0 C - 1 ] If ^ |g mass of liquid flowing per second, s its specific 
heat, 6 the rise in temperature, it is known [cf. p. 801], that 

YA = Jm50, 

where J is a constant numerically equal to 4-184 in the above system 
of units. The above equation enables the specific heat of the liquid 
to be determined. [J = mechanical equivalent of heat in joules 
per calorie, cf. p. 252.] 

It will be noticed that there is no term in the above equation which 
takes into consideration the water equivalent of the calorimeter. 
In this particular type of calorimetry the water ^equivalent of the 
calorimeter does not have to be considered since its temperature 
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asstiines a value steady at all points before any measurements are 
made, and therefore no more heat is given to it. It must be pointed 
out, however, that the method is only suitable for research work 
when due precautions to obtain steady conditions are taken. 
If conditions are not kept steady the correction for the water 
equivalent of the calorimeter is indeterminate and accurate results 
are not possible. 

In the above equation we have assumed that the heat lost is zero. 
Actually this is not so, although in the apparatus used by Callendar 
FG was exhausted to reduce heat losses due to conduction and con- 
vection, and silvered to diminish the loss of heat by radiation. The 
correction may be made as follows : — rEet h cal, be the heat lost per 
second per degree rise in temperature above that of the outer jacket. 
[In Gallendar’s apparatus F6 was surrounded by a second jacket 
containing water at the temperature of the incoming liquid, in 
order that the conditions under which heat is lost should be con- 
stant.] Then the more exact equation is 

VjAi ~ J[mi50 + A0], 

where the suffix denotes one particular experiment. - The flow of 
liquid is then altered to and the current adjusted so that the rise 
in temperature of the liquid is again 6. Then 

VgAa = + M], 

By subtracting these equations we obtain 

ViAj — VaAg === m-a) 

which is an equation independent of h, the heat loss as defined above. 

In the above we have used a voltmeter and an ammeter to measure 
the potential difference and cuixent respectively. In the original 
research these were determined with the aid of a carefully calibrated 
potentiometer. Moreover, the temperatures were recorded by 
platinum thermometers. 

The Determination of Specific Heats by the Method of 
Cooling . — Theory of the Method: This method is based on 
the assumption that when a body cools, while suspended in an 
enclosure, the quantity of heat /IQ, emitted in a time At, 
depends only on 6, the excess of the temperature of the body above 
that of the enclosure, and on the nature and area of the surface 
of the body. We may therefore write 

/IQ = a ./(d) ,At 

where /(0) is an unknown function of 6, but one which depends 
on 6 only ; a is a constant for any given body. 

Let Wj be the mass of the body, the specific heat of its material, 
and A6i the fall in temperature in time At, 
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Then 


[where ai = 

time.] 

Similarly 


. A6i = = aif{6)At. 



, i.e. ai is the drop in temperature per unit 

Ai->0 




miSi 


ai’ 


if the surfaces are iden- 
tical in ail respects. 

From the above equation we see that if the specific heat of the 
material of one body is known that of another may be determined, 
when the rates of cooling (i.e. the rates of drop in temperature) for 
the same excess temperature are known. Moreover, theoretically, 
the method enables us to determine the specific heat of a substance 
at a given temperature, instead of a mean value for the specific heat 
over a range of temperature. In practice, as the method is ordin- 
arily carried out, the inherent errors are often greater than any 
variation in the specific heat of the material. 

Application to Liquids — ^In practice the above method is 
only used for liquids since it is impossible to ensure that the tem- 
perature of a solid is uniform throughout. Unfortunately, however, 
the liquid must be placed in a container and the thermal capacity 
of this enters into the equation. Thus, if M is the mass of the 
container and S the specific heat of its material, we have 
(^ 1^1 + MS)Zl0i = JQ = aj{d ) . At 


and, similarly, 

(mgSa + MSiidQj = a2/(6) . 

Now by using the same volume of liquid in each instance, and 
liquids successively in the same container, we may assume (at least 
as a first approximation) that Uj = ag* We then have 

+ MS _ 02 
ma^a + MS ai’ 


so that if and S are known (water is generally used as one of the 
liquids), ^a calculated. 

Practical Details.— A blackened calorimeter is about two- 
thirds filled with water at 70® C., and the temperature noted at 
half-minute intervals. Since it is necessary that the temperature 
shown by the thermometer should also be that of the walls of the 
calorimeter the water must be stirred, but not vigorously. Also, 
the calorimeter must be provided with a M to prevent evaporation 
of the liquid and consequent loss of heat, which would be a con- 
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siderable fraction of the heat lost during an experiment by the 
calorimeter and its contents. For convenience the hd may supoit 
the thermometer. To obtain good results, the ealorimete shordd 
be suspended by means of three fine strings m a double-waUed 
^ vessel, the space between the 

walls being filled with water — 
Eig. 104 (a): The temperature 
ofthis is recorded— it is the tem- 
perature of the enclosure. From 
the results thus obtained a cool- 
ing curve is constructed— Eig. 
104 (6). The problem then 
immediately before us is to 
determine the slope of this 
curve at a given point (tem- 
perature). To do this the tan- 
gent at any point, P, say, is 
drawn, its position being estim- 
ated by eye. The slope of this 
tangent determines the rate of 
cooling for the particular in- 
stant represented by P. Since 
it is impossible to estimate the 
position of the tangent accur- 
ately in this -^ay, let us see how 
the value for the slope thus 
obtained may be improved. 
The process is repeated for 
several other temperatures and 
a graph showing the relation 
between excess temperature and the rate of cooling drawn- 
see Eig. 104 (c). The particular value of the rate of cooling 
for a given temperature excess may be deduced from the graph. 
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The value so obtained will be better than that obtained by diuwing 
the tangent at the corresponding point on the cooling curve shown 
in Fig. 104 (6), since the position of a tangent can only be estimated, 
whereas the value for the slope now obtained is derived jfrom the 
positions of several tangents and we assume that the errors in 
drawing these are as often positive as they are negative. 

An equal volume of liquid whose specific heat is to be investi- 
gated, having been warmed, is then introduced into the calori- 
meter, and a cooling curve obtained as before. The rate of cooling 
for the same excess temperature is then determined. From the 
information thus obtained, by means of the above equation, the 
specific heat of the liquid is calculated. 

[It must be very carefully noted that the validity of Newton’s 
law of cooling, so often, yet wrongly, connected with the .above 
method of determining specific heats, does not enter at all into the 
argument.] 

RegnauWs Experiments on the Method of Cooling . — 
made a series of experiments with the object of ascertaining how far 
this method could be relied upon in the estimation'* of specific heats. 
He worked with substances whose specific heats had been determined 
by the method of mixtures, Regnault showed that the method was 
not applicable to solids, for not only did his results differ from those 
obtained by the method of mixtures, but they were not consistent 
among themselves. A similar conclusion was arrived at with regard 
to powders. For liquids, however, he concluded that the method was 
convenient and accurate. 

Callendar’s Remarks on the Method of Cooling for Liquids.^ — 
The advantage of this method is that there is no mixing of the sub- 
stances under investigation, and consequently no heat due to chemical 
action evolved or absorbed. The defect, however, lies in the fact that 
the whole measurement depends on the assumption that the rate of 
loss of heat is the same in the two experiments under conditions appar- 
ently similar, and that any variation in the conditions or uncertainty 
with respect to the rate of loss of heat, produces its full effect in the 
final result, whereas in the method of mixtures it would only affect 
a small correction. Another source of error is that it is difficult to 
make accurate observations on a rapidly falling mercury-in-glass 
thermometer. CALnENPAB advocates the use of a fairly large calori- 
meter, the surface of which, as well as that of the enclosure, should 
be permanently blackened, so as to increase the rate of loss of heat 
by radiation as much as possible compared with those by conduction 
and convection, which are less regular. For accurate work the liquid 
should be stirred continuously, and the outer vessel covered with a 
hollow lid containing water maintained at a constant temperature. 

Academic Problems on the Method of Cooling. — ^In these it is 
often assumed that the specific heat of the substances used and of the 
material of the calorimeter are each constant. Under these conditions 
the equations for the heat loss may be integrated and the specific 
heat of a liquid found by comparing the times required for the liquid 
and the water to fall through the same range of temperature. 
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Tlius + MS) ^ = a/(0) 

gives 

f^» de 

+ MS) = o,[if = ct(«2 - «i). 

Similarly, for another liquid, cooling from 63 time #4 — #3, 

(^12^2 + MS) j* = a(t4 — ^s). 


Hence 


fi%x 3 ^ + MS ^2 — 

“h ^4 — ^3 

The Specific Heats of Gases.— When heat [thermal energy] is 
imparted to a gas the resulting change in temperature depends upon 
the manner in which the gas is permitted to expand, for during an 
expansion the gas will do work against the external pressure the 
amount of which may be a very considerable fraction of the whole 
energy imparted to the gas. Hence, if we are to define the specific 
heat of a gas the conditions under which the heating takes place 
must be stated, for to each possible mode of expansion there is a 
corresponding specific heat of the gas. The two specific heats of a 
gas generally considered are the heat at constant volume 

(c^) and that at constant pressure {c^). If m is the mass of a gas, 
h the rise in temperature when it is heated under the condition that its 
volume remains constant, the heat required is mc^0, where is the 
specific heat of the gas at constant volume. Similarly, if is 
the specific heat of the gas at constant pressure, mcfi is the heat re- 
quired to raise by 0 the temperature of a mass m of the gas when 
the pressure remains constant. 

To show the significance of the difference between these two 
specific heats, consider one gram of gas contained in a cylinder fitted 
with a frictionless piston. If A is the area of this piston and p the 
external pressure, the force acting upon it is pK, If a quantity of 
heat is supplied sufficient to raise the temperature 1° C. under the 
condition that the volume of the gas remains constant, this quantity 
is numerically equal to the specific heat of the gas at constant 

volume. All the heat imparted is 
utilized in increasing the thermal 
energy of the molecules and no 
work is done by the gas against 
the external pressure, since the 
piston does not move. 

On the other hand, when heat is 
supplied to the one gram of gas 
under the condition that the pressure remains constant the piston 
will move forward a distance Fig. 10*5, the volume changing from 
t?i to The work done against the external pressure is 
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pA X d = p{v 2 ^ Vi), The heat necessary to raise the tempera- 
ture of 1 gm. of gas 1® G. at constant pressure is therefore equal to 
the heat necessary to raise it 1® C. at constant volume plus the work 
done by the gas as it expands, i.e. 

where a is a conversion factor— it is equal to the reciprocal of J, 
the mechanical equivalent of heat [cf. p. 252]. Hence it foUows 
that the specific heat at constant pressure (c^) is greater than the 
specific heat at constant volume (c^). 

Regnault’s Method for Determiniiig the Specific Heat of a 
Gas at Constant Pressure. — The apparatus used by Regnault is 
shown in Fig. 10-6. The gas to be investigated was compressed in a 
reservoir, A, placed in a large tank of water so that its temperature 
could be kept constant. The pressure in the reservoir was indicated 



by a mercury manometer, B. Some prelimmary experiments were 
conducted to find what mass of gas had flowed from the container 
when the pressure fell between two definite limits. The flow of gas 
was controlled by a valve, C, and the gas then passed through a long 
copper spiral immersed in a thermostat, D, where its temperature 
was raised to that of the thermostat, a fact which Regnault estab- 
lished in a series of subsidiary experiments by placing a thermometer 
in the tube and comparing its reading with that of the thermometer 
in the oil. The flow of gas was kept steady in this part of the 
apparatus by controlling 0. The pressure was indicated by the 
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mercury manometer, 6, After leaving the heater the gas passed into 
a thin brass vessel placed in a water calorimeter, E* Actually, this 
vessel consisted of a number of chambers with partitions to increase 
its surface area so that there might be a rapid transfer of heat from 
the gas to the water. Finally, the gas escaped through a spiral 
tube, F, into the atmosphere. Let Oi and 6^ be the initial and final 
temperatures of the calorimeter and its contents. If t is the tempera- 
ture of the incoming gas the first portion of the gas was cooled from 
tto6i while the last portion cooled from t to 02 * The average fall in 
temperature was therefore [i — |(0i + 02)]* The heat lost by the gas 
was therefore — 1(01 + 02 )], where m is the mass of gas passing 
through the calorimeter during an experiment. The calorimeter was 
protected from heat radiated from B by the screen shown. The 
experiment lasted for some time so that the errors due to heat lost 
by the calorimeter were considerable, and although a corf ection was 
made, the results obtained by Eegnault differ by 2 per cent, from 
more recent values. 

If M is the water equivalent of the calorimeter and its contents, 
the heat imparted to it isM(02 — 0i). Hence [cf. p. 266] may be 
calculated from the equation 

- i(0x + 02)] = M(02 - 0i). 

Callendar’s Method for the Determination of Cp. — Callen- 
DAB, and more recently Swann, utilized the method of continuous 
fiow calorimetry to determine the specific heat of a gas at constant 



Fig. 10*7.' — Callendar*s Apparatus for determining cp, 

pressure. The essential features of their apparatus are shown in 
Fig. 10.7, B and C are two glass tubes about 2 cm. in diameter 
joined together by a short spiral of glass tubing and surf ounded by 
a wider tube D, the space between D and the inner tubes being 
exhausted to diminish the heat lost from the calorimeter. A steady 
stream of gas, from a thermostajb, entering at E and escaping at,F 
was heated by an electric cxirrent passing through the heater Q, 
To measure the energy [heat] dissipated in G, an ammeter A, and 
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resistance R, were placed in series with G, while a voltmeter V 
measured the potential difference between the ends of the heating 
coil. In their actual research these were measured by a potentio- 
meter method so that V and A must be regarded as a symbolic r' 
representation of the apparatus used [cf . p. 763]. The temperature 
of the incoming gas was measured by a platinum thermometer Pj 
and after the heated gas had been “ mixed by the wire gauze H, 
in order that its temperature might be uniform, a second platinum 
thermometer Pg measured this temperature. We have abeady seen 
that the energy dissipated per second by the current in 6 is VA joules 
YA ■■ '■ 

or -j- caL, where J is the mechanical equivalent of heat in joules per 

gm. cal. If m is. the mass of gas passing per second, 0 the rise in 
temperature, we have 

VA = J[wcp0 + A6] 

where h is the heat loss per second per unit rise in temperature. If, 
therefore, the experiment is repeated so that mass of gas flowing per 
second is different but that the rise in temperature is the same (by 
adjusting A) we have, if the suffixes refer to the two separate 
experiments, 

YjAi = + M] 

YjAa = J[maC2,0 + M] 

from which may be determined. Special methods were adopted 

to meastire and : we cannot discuss them here. 

In order to make the conditions of the experiment quite de fini te 
the whole apparatus was surrounded by a water jacket kept at the 
temperature of the incoming gas. 

The Specific Heat of Superheated Steam. — ^The specific heat 
of steam at constant pressure over a range of temperature from 
104® C. to 115® C. was measured by Brinkwobth, who used an 
apparatus similar to that just described but specially adapted to 
suit the particular purpose in view. Only one platinum ther- 
mometer was used — first to measure the temperature of the steam 
before any energy was dissipated in the heating coil : secondly to 
measure the temiierature of the steam when energy was dissipated 
at a known rate. The steam was then condensed so that the mass 
of steam flowing per second was easily obtainable. The value of 
Cp finally obtained was 0487 cal. gm.*"^ deg."’^ 0. 

Latent Heat .—When the temperature of a solid is gradually 
raised, the stage at which liquefaction takes place is quite definite 
for aU pure crystalline substances, e,g, ice, tin, but not for sub- 
stances like wax, butter, some metallic alloys, etc., which gradually 
become plastic in character. The defiLnite temperature at which 
liquefaction takes place is called the melting-point — or fusing-point. 
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During the process of fusion a definite quantity of heat [^own as the 
latent heat of fusion] is absorbed per unit mass of substance, an 
this heat is emitted in equal amount during the rewse Fo^s. 
The heat emitted when a mass m of hqmd w ca^ed to sohdrfy, 
without change of temperature, is equal to mL, where L rs termed 
tZ latent heat of the liquid at its freezing-point. The dimen- 
sions of L axe given by 

[L] = cal. gm.-i 

if a calorie is the unit of heat and the mass is stressed in Fammes. 
It is not correct to speak of the latent heat of ice [or mdeed any 
solid!— it is the water at 0° C. which possesses the latent heat— 
not the ice. Similar remarks can be made concermng the transi- 
tion of liquid into a vapour at the same temperature— m this case 
we have the latent heat of the vapour. If m is the mass of vapour 
condensing to form a liquid at the temperature of the yapoim, then 
the heat given out is mL, where L is termed the la,tent h^t of the 
vanour Again, it is not correct to speak of the latent heat of a 
liq^d at its boiling-pointe-it is the vapour at that temperature 

which possesses the latent heat. „ . , , j i. 

Spirits, such as Eau de Cologne, are used to alleviate headache, 
on account of the cooling which takes place when they evaporate. 
Eau de Cologne is used because it evaporates easily [i.e. it has a 
high vapour pressure, cf . p. 226] and its latent heat is considerable. 
Menthol is sold for the same purpose. ' 

Experimental Determination of the Latent Heat of Fusion 
of Ice, or the Latent Heat of Water at 0° C.-The massjif a 
calorimeter is found, and also the mass of water required to fill it 
to the extent of two-thirds its volume. The calorimeter is placed 
on corks in a glass vessel and the temperature observed. Some 
lumps of ice, previously dried, are then added ; the temperature 
is noted when aU the ice has melted, and stirring produces no further 
effect on the thermometer. The mass of the c^orimeter and its 
contents is again determined, in order to ascertain the quantity of 

ice used. Approximate results having been thus obtained, the initial 

temperature of the calorimeter should be adjusted, so that the final 
temperature is likely to be as much below room temperature as the 
initial temperature was in excess of it. Under such circumstanc^ it 
can be assumed that the gain in heat from the air and surroundings 
during the time until the temperature of the calorimeter is reduced to 
that of the room, is compensated by the heat gained aathe tempera- 
ture of the calorimetex falls to its final value. Assuming that heat 
absorbed by ice -j- heat required to raise its temperature from 0° C. 
to the final temperature = heat lost by water and calorimeter, the 
value of the latent heat can be calculated. 
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The chief objection to this method of determining the latent 
heat of fusion of ice is that it is never certain whether or not j&ee 
water is associated with the ice which is introduced into the calori- 
meter. This difficulty has been avoided as follows Some broken 
pieces of ice were cooled several degrees below zero and their mass 
(about 100 gm.) determined. It was then introduced into a calori- 
meter containing kerosene oil at a temperature two or three degrees 
below 0® G. Under these circumstances the ice must have been 
entirely free from water. A very small electric current was passed 
through a heating coil immersed in the oil to raise the temperatme 
of the calorimeter and its contents to — 1®C. Electrical energy 
was then supplied at a much greater rate and sufficient to melt the 
ice and raise the temperature of the calorimeter and its contents 
to 0-5® C. In this way the ice had certainly all been melted and 
the heat dissipated in the calorimeter had been employed in three 
ways : 

(i) in raising the temperature of the calorimeter and its con- 
tents from — 1® C. to 0° C. [specific heat of ice ~ 0493 cal. gm.“^ 
deg."*^ C.] 

(ii) in melting the ice, and 

(iii) in raising the temperature of the water, oil, and calorimeter 
to 0-5® C. 

In addition, there was a small exchange of heat between the 
calorimeter and its surroundings. The sign of this will depend 
upon circumstances, but a correction for this was made. To make 
this correction as small as possible, the calorimeter was placed in 
a well-lagged box maintained at 0® C. 

In addition to the advantage which this method possesses over 
the one described above, it also has the following — ^the fluidity of 
the oil remains practically unchanged, and there is no thermal 
reaction between the oil and ice or water. 

The above experimental procedure is due to A. W. Smith, who 
obtained 78*896 mean cal. gm.~^ as the latent heat of fusion of ice. 

The Latent Heat of a Vapour. — ^The latent heat of the vapour 
of water at its normal boiling-point can be investigated experi- 
mentally by means of the apparatus shown in Eig. 10*8. The 
underlying idea is to pass the vapour [steam] into a known mass 
of liqiud [water] contained in a calorimeter. From the observed 
rise in temperature of the calorimeter and its contents, the latent 
heat can be calculated. 

Into a copper vessel with a narrow neck there is fitted a glass 
tube [preferably made of ^^ pyrex,’’ because it withstands changes 
of temperature much better than ordinary glass]. The vessel is 
half filled with the liquid under investigation and then placed 
upon a ring burner standing upon a sheet of asbestos, A quan- 
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tity of the liquid cooled to a temperature several degrees below 
that of the room, but not sufficiently cold for moisture from the 
atmosphere to become deposited on the calorimeter, is placed inside a 



Fig. 10* 8. —Latent Heat of a 
Vapour. 


calorimeter and its mass found. It 
is desirable that the calorimeter 
should be about two-thirds filled. 
When the vapour is issuing freely 
from the tube of the boiler, the 
temperature of the calorimeter is 
observed, and the vapour allowed to 
play directly on the surface of the 
liquid where some of it is condensed. 
The steam that escapes does not im- 
part heat to the calorimeter, and so 
does not concern us. When the tem- 
perature has risen so that the room 
temperature is approximately the 
mean of the initial and final tempera- 
ture of the calorimeter and its contents, 
in order to make the correction for 
heat exchanges between the calori- 
meter and its surroundings negligible, 
the supply of vapour is removed, the 
liquid stirred, and the final tempera- 
ture noted. From these observations 
the latent heat is calculated as 
follows : — 


Mass of calorimeter and stirrer — 92*1 gm. 

,, ,, „ ,, „ -f- water ~ 498*1 ,, 

„ „ „ water = 406*0 „ 

„ „ calorimeter, stirrer, water and condensed 

steam = 505*5 „ 

„ „ condensed steam = 7*4 „ 


Initial temperature of water = 13-6‘^ C. 

Final temperature of water = 24*7® G. 

Specific heat of copper = 0*10 

Water equivalent of calorimeter ~ 92*1 x 0*1 = 9*2 gm. 

Atmospheric pressure = 74*7 cm. 

of mercury. 

/. Boiling-point of water under existing atmospheric 

conditions = 99*5® C. 

Heat received by calorimeter = (406*0 4- 9*2) (24*7 — 13*6) 

« 415*2 X IM = 4609 cal. 

Heat given out by the steam which condenses to water at 99*5® C, 
■■'■"=='7*4' L. cal. 
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Heat given out by the 7*4 gm. of water which cool from 99-5® C. 

to 24-7*' C. =- 7*4(74*8) = 654 oaL 
Hence 4609 = 7-4L + 664 

/. L = 648. cal. gm.”^. 

On Laboratory Methods for the Determination of Latent 
Heats. — ^Instead of using a copper calorimeter and somewhat small 
quantities of water a Dewar flask and larger quantities of water 
may be used. - It is first necessary to determine the water equi- 
valent of the flask. To do this a known mass of water at 25® C- 
is placed in the flask and, after thoroughly shaking, its temperature 
is noted. An approximately equal amount of water of known mass 
and at a temperature of about 10® 0. is then added to the flask 
and after it has been thoroughly mixed with the other water the 
final temperature is recorded. The heat exchange between the 
flask and its surroundings is small and may be neglected. The 
water equivalent of the flask is then calculated. 

To determine the latent heat of fusion of ice a known mass of 
water at 25® G. is placed in the flask, well shaken, and the tem- 
perature noted. Pieces *of dry ice are then added until the tem- 
perature is reduced to about 10® C. The mass of ice used is then 
determined and the latent heat of fusion calculated in the usual way. 

The latent heat of steam at the bofling-point of water under 
existing atmospheric conditions of pressure may be determined 
in a like manner. 

The masses of ice or of steam used in these experiments is con- 
siderably greater than if an ordinary calorimeter is used, and 
although the changes in temperature are rather large the heat 
exchange between the calorimeter and its surroundings is small 
and negligible. 

Berthelot’s Apparatus. — The liquid whose heat of vaporiza- 
tion is required is placed in a special flask. A, Fig. 10-9. A glass 
tube open at both ends projects through the bottom of this flask. 
A ground glass joint, C, connects this tube to a glass spiral and 
bulb immersed in water in a calorimeter. The liquid is heated 
by a small gas-ring, G, the direct passage of heat from the 
flame to the calorimeter being prevented by a wooden cover 
held in position by an outer vessel which diminishes the 
loss of heat from the calorimeter by convection and conduction. 
When the liquid boils the vapour condenses in the spiral and is 
collected in the bulb, D. When a rise in temperature of about 
5®G. has been obtained the flame is put out and the final tem- 
perature noted. S is a stirrer and T a mercury thermometer reading 
directly to 0*1® G. The net exchange of heat between the calori- 
meter and its surroundings may be considerably reduced by com- 
mencing the experiment with the temperature say three degrees 
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below that of the room and passing the vapour until the tempera- 
ture is three degrees above— there is no need to make a pre- 
liminary experiment in this 
instance. The bulb is re- 
moved, the two exits being 
closed with corks to pre- 
vent evaporation. The 
mass of vapour condensed 
is found and its latent heat 
calculated as follows. 

Let m be the mass of 
liquid, L its heat of vapori- 
zation, 8 the specific heat 
of the liquid [assumed con- 
stant over the temperature 
range involved], T the boil- 
ing point of the liquid under 
the pressure conditions pre- 
vailing, while 01 and 02 are 
the initial and final tem- 
peratures of the calorimeter. 
Then the heat given out by 
the va];)our -j-- the heat given 
out by the liquid produced 
in cooling to 02 is mL -f 
7)18 {T — 02). The heat ab- 
sorbed by the calorimeter 
and its contents, of water equivalent M, is M(02 — 0^). Hence 

mli + ms(T — 02 ) == M (02 — 0i) 

L may be calculated when the other factors in this equation are 
known. 

Continuous Flow Method of Determining Latent Heats of 
Vapours. — modification, suitable for students^ use, of a more, 
recent form of apparatus for determining the latent heats of 
vaporization of liquids at their normal boiling-points is shown in 
Fig. 10*10. It consists of a well-lagged heating vessel, A, in which 
the liquid is placed. The thermal energy is supplied by m^ns of 
an electric current passing through a cod of resistance wire which 
surrounds the lower part of A. The coE is insulated electrically 
from A by means of asbestos paper. The terminals at the ends 
of the copper leads to the heating element ai*© fixed in an ebonite 
ring attached to A. A glass tube, B, passes through the base of A, 
ani it is of sufficient length to project beyond the surface of |he 
liquid. A conical shield, D, placed inside the heating v^sd 



Fig. 10*9. — Latent Heat of a Vapour 
(Berthelot’s apparatus). 


CALORIMETRY 


207 


^Ebonite 


dimimshes any transfer of radiant energy between the liquid and 
the top of the boiler ; perforations 
in this metal shield permit the 
vapour to circulate freely. B is 
connected by means of a conical 
joint, C, to a long glass tube E sur- 
rounded by a condenser through 
which a stream of cold water is 
passed. This condenser has the 
particular form indicated so that 
any heat lost from the water after 
it has been heated is given to the 
incoming water : in this way heat 
exchanges between the 
apparatus and its sur- 
roundings are mini- 
mized. [The ebonite 
collar H permits the 
apparatus to be 
assembled quite 
easily.] LetSiandfts 
be the initial and final temperatures 
of the water as measured by the 
thermometers Tj and Tg. Then 
M(02 ^^) is the heat lost per 

second by the vapour and the liquid it 
forms, if M is the mass of water flow- 
ing per second. If L is the latent 
heat of vaporization of the liquid, 
and s its mean specific heat over the 
range of temperature from di to 63 
where 63 is the boiling-point of the 
liquid, then the above quantity of 
heat is also 

m[L + ^(0, — Si)], 

where m is the mass of liquid con- 
densing 'per second. This is found 
by weighing the amount of liquid 
which collects in the conical flask 
E in a known time. Hence 

M(e3 61) = m[L + 03 - Ol)]r 



Air 

Pocket 


Fia. 10*10. — Modern Apparatus 
(Steady Flow Method) for 
Deterroining Latent Heat of 
Vaporization of a Liquid. 


SO that L may be calculated. 

yhis equation is not exact, since the temperature of the l^uid 
as it leaves the tube E is not 61 ; however, the correction is smaU. 
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Since two different thermometers are used to measure di and 63, 
a correction is necessary for the fact that no two mercury ther- 
mometers are consistent in their indications. To estimate the 
correction to be applied, water at temperature 61 is passed through 
the apparatus while no vapour is condensing. If T 2 reads 
the temperature difference to be used in the above equation is 
(02 — ^1). The correction, on this account, to 6^ — 61 is negligible. 

The Ice Calorimeter. — ^The first and simplest form of ice 
calorimeter was invented by Black. It consisted of a block of ice, 
free from air bubbles, in which a cavity had been made. The top of 
the calorimeter was covered with a slab of ice so that a body placed 
inside the calorimeter was thermally insulated from external objects. 
A known mass of solid whose specific heat was required was heated 
to some definite temperature and then transferred to the cavity 
which had been dried by wiping it with some absorbent. The 
temperature of the solid was soon reduced to 0® 0., a definite 
amount of ice being melted in the process. The amount of water 
formed was estimated by wiping the cavity with a sponge— the 
increase in mass, say M, was then found. If L is the latent heat 
of fusion of ice, the heat given to the ice is ML. This is equal 
to msd where m is mass of the solid and 0 the initial temperature 
of the heated body. Whence 

« == ML -r* mfi. 

The objections against this simple apparatus are that it is difficult 
to remove all the water melted and also not easy to obtain large 
blocks of homogeneous ice. Lavoisier and Laplace improved the 
ice calorimeter, but its value was enhanced when Bxjnseh devised 
the form shown in Fig. 10*11. A tube P is fixed into the 
upper end of a wider tube Q, shaped as shown. The space between 
them is filled with air-free water, with the exception of the lower 
portion and the side tube S which contain mercury. A capillary 
tube R, graduated so that the volume between any two marks upon 
it is known, is inserted through an ebonite stopper at S, the end 
of the mercury thread in R being adjusted to a convenient position 
by means of the iron screw T. The whole apparatus, with the 
exception of R, is placed in a large Dewar vessel contahuDg melting 
ice and left overnight so that its temperature is everywhere 0° C. A 
little ether is then placed in P and caused to evaporate quickly by 
bubbling air through it. The heat required for this evaporation is 
partly abstracted from the water at 0® 0. so that some ice is formed 
around P. When sufficient ice has been formed the apparatus 
is placed inside the double-walled container shown. The space 
between the above walls is fihed with melting ice so that eventually 
the temperature is everywhere 0*^ C. A little water at 0® 6', is 
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then placed in P and a hot body of mass m at temperature 6 lowered 
into P— a swab of cotton- wool at the bottom of P diminishes the 
risk of fractnring the apparatus. During the cooling of the hot 
body a quantity of heat msd is emitted, thereby melting some ice. 
The volume of the water in Q is thus altered, the change in vplume 
being derived fi*om the observed change in the position of the 
mercury in R. I«et v be the diminution in volume. Now 1 gm. 
of ice at 0® C. occupies 1*0908 cm,^ and 1 gm. of water at the same 



Fig. 10*11.^ — Bunsen’s Ice Calorimeter. 


temperature has a volume 1*0001 cm.®: The contraction when Igm. 
of ice melts is therefore 0*0907 cm.®. Hence the mass of ice melted is 

which the heat required is calories, 

u.uy'u/ v*uyu7 



msd = 




SOv 

0-0907’ 

80 

0*0907 md 


For this instrument to be used successfully it is necessary to 
have an air space between the actual calorimeter and the ice in 
the double- walled container — ^heat then only passes slowly between 
the calorimeter and the container, so that the creeping of the 
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merctiry along R which occurs if this precaution is not adopted 
is much reduced. Callikuab surrounded Q by a second glass 
bulb, the intervening space being exhausted. The rate at which 
the creeping occurred was thereby still further diminished. 

The real source of trouble in using Bunsen’s ice calorimeter lies 
in the fact that the ice inside the calorimeter melts at a temperature 
below 0° C. because of the pressure exerted by the mercury column 
(due to its weight and surface tension). 

The Bunsen ice calorimeter is usually calibrated by first carrying 
out an experiment with water. 

Joly’s Steam Calorimeter. — This calorimeter was designed 
by Joly in 1886 as an accurate means of determining the specific 
heat of a solid. The essential parts of this calorimeter are shown in 
Pig. 10-12. A metal enclosure, A, called the steam chamber, is fur- 



nished with a wide side tube, B, through which steam is passed^ and 
an exit tube, G, near the bottom of the chamber. A small metal 
pan, D, is suspended from one arm of a balance by means of a fine 
wire, passing through a small hole in the top of the chamber. The 
solid, whose specific heat is required, is placed on this pan and its 
mass determined ; the temperature is recorded. Steam is now 
admitted ; some condenses on the pan, solid, and sides of the 
chamber. The increase in mass of the pan and solid is due to the 
moisture which has condensed upon them in raising the temperature 
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to that of the steam. This increase is determined about five minutes 
after the entry of the steam— if the experiment is allowed to continue, 
drops of water from the top of the chamber fall upon the pan and, by 
so doing, vitiate the results. The hole must not be too large at the 
point H where the supporting wire passes into the steam chamber, 
for then moisture may condense on the balance, and if it is small, 
steam condenses there so that the balance readings are not steady. 
The condensation of the steam is prevented by placing a nickel 
coil, P, round the wii*e, immediately above this hole. The coil is 
heated to redness by an electric current, thus preventing the forma- 
tion of a water globule. 

If is the mass of steam condensed, L its latent heat, the quantity 
of heat imparted to the pan and solid is This is also the 
heat required to raise the pan from its initial temperature to 
its final temperatoe dz, together with the heat required to raise 
the solid through the same range of temperature. Hence 

= (MS + ^) (0^ 

where M and m are the masses of the solid and pan of specific heats 
S and s respectively. In general, the pan is made of copper so that 
its specific heat is known ; should it be unknown, however, it can be 
determined by a preliminary experiment in which no solid is placed 
in the pan. 

In practice a small correction to the above equation has to be 
made owing to the fact that the body is first weighed in air and than 
in steam. * 

The Specific Heat of a Gas at Constant Volume. — ^For this 
determination it is essential to enclose the gas in a container the 
mass of which is, in general, much greater than that of the enclosed 
gas, July’s differential steam calorimeter, Pig. lOdS, was the first 
means whereby the specific heat of the gas could be measured 
directly and not deduced from the difference of two thermal capacities, 
viz, that of the gas and its container, and that of the container alone. 
The apparatus consisted of two equal copper spheres, SS, 6-7 cm. 
in diameter, suspended in the same steam chamber from the opposite 
arms of a balance. These spheres were provided with pans, AA, to 
trap any condensed steam which might faU from the spheres. One 
of the spheres contained gas at normal pressure while the second 
contained some of the same gas at a pressure of several atmospheres 
[pressures of 20 atmospheres were sometimes used]. The initial 
temperatiue having been recorded, steam was passed into the 
chamber through D and the mass necessary to restore equilibrium 
was due to the excess condensation brought about by the difference 
between the mass, m, of gas in the two spheres. If L is the latent 
heat of steam, and M the difference in the mass of steam condensed 
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oa the two spheres, the heat given to the m gm. of gas is ML. This 
is equal to mc^(T — i), where T is the temperature of the steam and t 
that of the calorimeter initially. 

Since the spheres are equal the buoyancy correction to which 
reference has been made [cf. p. 211] is eliminated. If results of high 
precision are being aimed at, a small correction has to be made for 
the expansion of the copper spheres. 



Fia. — Joly’s Dificerential Steam Calorimeter. 


Further Remarks about the Steam Calorimeter.^ — One 
advantage of the steam calorimeter is that it may be used to 
determine the specific heats of solids, liquids, and gases; more- 
over, it applies whether or not the material is available in large or 
small quantities. Liquids, powders, and substances attacked by 
water vapour, must be sealed in a glass container, the thermal 
capacity of which must be known— it may be determined by this 
method of calorimetry. The method is not only an accurate one, 
but it is also universal in its applications. 

Atomic Heats. — ^In 1818 Dulong and Petit enunciated the law 
which bears their names, viz. the product of the specific heat of an 
element in the solid state and its atomic weight is constant and 
equal to 6*4. If a quantity of material equal to its atomic weight 
in grams, i.e. one gram-atom, is considered the above law implies 
that the thermal capacity of every gram-atom is the same. Since 
every gram-atom of substance contains the same number of atoms 
it follows that the atoms of all elements in the solid state (whatever 
that means) have identical thermal capacities. 

It was soon found that the law was only a first approximation 
to the truth, for the constant varied from 5*7 to 6‘7. When we 
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remember that the thermal capacity of a substance measures the 
energy [heat] neceKSsary to cause the molecules to move more rapidly 
or to rotate more quickly, this result is really not very surprising. 

For a long time the elements carbon, boron, and silicon were 
considered to be exceptions to this law, but when their specific 
heats were measui’ed at high temperatures the anomaly disappeared. 
Debye has since shown that this law is really a first approximation 
to a law which is more complicated but at the same time more 
universal. A discussion of this law would take us too far from our 
present object if it were considered here. 

Molecular Heats — Neumann, RsaNAULT, and others, have 
extended the above law so that it applied to molecules. They 
defined the tnoleculuf heat q,s the product of the specific heat 
and molecular weight of a substance and showed that the molecular 
heat of a body was equal to the sum of the atomic heats of its 
constituents. 

Determination of the Calorific Value of a Sample of Coal.— 
[The calorific value of a soM or liquid fuel is the amount of heat 
given out when unit mass— 1 lb. or 1 kgm. — ^is burnt. For a gas, 
it is the heat given 
out when a definite 
volume — 1 cubic foot 
— ^is burnt.] The ap- 
paratus used for this 
purpose is known as 
a bomb calorimeter, 
one form of which is 
indicated in Fig. 10*14. 

The coal is powdered, 
dried, and a definite 
mass placed in the 
small capsule provided. 

The cover is screwed 
in position and oxygen 
admitted until the pres- 
sure inside is about 
20 atmosphere^. The 
whole is placed in a 
metal calorimeter con- 
taining a known mass 

of water. This is well ^ ^ 

stirred and the tern- Eig. XO* 14.— A. Bomb Calorimeter, 

perature observed by 

a thermometer graduated to read to 0*01® 0. The coal is ignited 
by passing an electric current through a platinum spiral lying in 
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oojitact witli the coal. The current is such that the wire is 
raised to incandescence. This current is only maintained for a 
few seconds, so that the heat developed by the current may be 
neglected in comparison with the other heat quantities involved. 
When the combustion is completed the final temperature of the 
water, etc., is noted and from the known thermal capacity of the 
calorimeter and its contents the calorific value of the sample 
inay be derived. 

Example, A bomb calorimeter whose water equivalent was 647 gm. 
was immersed in 2000 gm, of water in a vessel whose water equivalent 
was 98 gm. After burning one gram of coal the temperature in- 
creased from 17-66° C. to 19-98° C. Calculate the calorific value of 
the coal. 

Heat imparted to water, etc. = total water equivalent of calori- 
meter and contents x rise in temperature x the specific heat of water 

c=:2746 X 2-33 X 1 = 6400 cal. 

Since one gram of coal was used this amount of heat is its calorific 
value. 


EXAMPLES X 

1. — How much heat is lost by a copper block 8-1 cm. x 3-6 cm. dia 
meter in cooling from 93^ C. to — 8° C. ? Specific heat of copper 

0*092 cal, gm.*”^ deg.”^ C. ; density 8*8 gm. cm.“®. 

2. — ^A calorimeter contains 70-2 gm. of water at 15-3® C. On adding 
143*7 gm. of water at 36-5® C. the temperature rises to 28*7® C, What 
is the water equivalent of the calorimeter ? 

3. — ^A calorimeter of water equivalent 8*1 gm, contains 60*3 gm. 
of water at 13*2® C. A solid of mass 46*3 gm. at 99*6° C. is dropped into 
the calorimeter, frhe fibnal temperature is 18*2® C. Calculate the 
specific heat of the solid assuming that 5*3 cal. of heat are lost during 
the course of the experiment. 

4. — ^How fnuch ice will be melted when a piece of metal, mass 60*4 
gm., specific heat 0*042 cal.gm.“^ deg.“^ C. at 627® K. is dropped on to 
ice? [L = 80 cal. gm.-^]. 

5. — ^A piece of metal of mass 64*2 gm. at 9*7® C. is placed in the chamber 
of a Joly steam calorimeter (barometer 76*9 cm. of mercury), 1*52 gm. 
of steam condense. If L = 536 cal. gm.-^, calculate the specific heat 
of the metal. 

6. — ^The mass of mercury required to fill 10*0 cm. of the index tube 
in a Bxmsen ice calorimeter is 3*1 gm. The thread moves 64*6 mm. 
when 14*6 gn^. of metal at 97*2® C. are introduced into the calorimeter. 
One gram of water in freezing expands 0*0907 cm.®. If the latent 
heat of water at 0® C. is 80 cal. gm.”^, and the density of mercury 
13-6 gm. cm,-'®, calculate the specific heat of the metal. 

7. — ^Define the terms specific heat and water equivalent Bescribe a 
method other than that known as the method of mixtures of deter-: 
mining the specific heat of glass. Given that 1 cm.® of ice at 0® C. 
yields 0‘918 cm.® df water at the same temperatm*e and that the 
mercury ip a Bunsen’s ice calorimeter recedes 5 cm. in a capillary whose 
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oross-section is 0*01 cm.® when a body of mass 10 grams and initial 
temperature 100° C. is placed inside the calorimeter, calculate the 
specific heat of the substance. [L for water at 0° C. «= 80 cal. gm.“^] 

8. — ^Explain why the specific heat of a gas at constant pressure is 
not the same as the specific heat at constant volume, and state what 
becomes of the energy on heating the gas at constant volume. Describe 
and explain a method of measuring one of these specific heats for air. 

9. — ^Describe and explain a method, other than that known as the 
** method of mixtures,” of deternoining the specific heat of a liquid. 

10. — ^Describe an apparatus which, in your opinion, would be suitable 
for measuring the calorific value of coal gas, and explain how you would 
use it. 

11. — Define the terms latent heat and specific heat. Describe July’s 
steam calorimeter, and explain how it may be used to determine the 
specific heat of a piece of india-rubber. 

12. — ^Describe an accurate method of deterrnining the specific heat 
of aniline and discuss the advantages of this liqmd when used instead 
of water as a calorimetric liquid. 

13. — ^Describe an accurate method of determining the latent heat 
of vaporization of alcohol. 

14. — A gram of ice at 0° .0 contracts 0-090 cm.® on melting to form 
water at the same temperature. A piece of metal is heated to 78^ 0. 
and then carefully inserted inside a Bunsen’s ice calorimeter. If the 
total contraction is 0*056 cm,® and the mass of the metal is 8*76 gm* 
calculate the specific heat of the metal. What is the thermal capacity 
of all the metal ? What would be the value for the specific heat of 
the metal if the unit of temperature were 1° F. ? [L == 79 cal. gm.~i.] 

15. — ^A mass of 185 gm. of copper was heated in steam when the 
barometer read 74*6 cm. The copper was dropped carefuEy into 84*5 
gm. of alcohol. The temperature of the alcohol and its container rose 
from 16*4° C. to 23*7° C. If the specific heats of copper and alcohol 
are 0*10 and 0*63 cal. gm.“^ deg.“^ C. respectively, calculate the water 
equivalent of the container. 

16. — 'Steam at a temperature of 100° C. is carried along an iron pipe 
50 metres long and weighing 20 lb. a foot. When the steam first 
enters the pipe the temperature of the iron is 15° C. If the specific 
heat of iron is 0*12 cal. gm.-^ deg.~^ C. and the latent heat of steam 
540 cal. gm.-^, what is the minimum amount of steam condensed to 
water before it passes freely along the pipe ? 

17. — Describe the steady fiow method of measuring the specific heat 
of a liquid, and explain why it is especially suitable for measuring the 
small variations of specific heat with temperature. 

18. — Equal quantities of water are placed in two similar calorimeters, 
except that the outer surface of one i^ blackened and the outer surface 
of the other is polished. When the blackened calorimeter is suspended 
in an enclosure at constant temperature, the water in it cools from 
61® C. to 59° C. in a? seconds, and from 41° 0. to 39° C. in y seconds. 
When the polished calorimeter is similarly treated the water cools 
from 61° C. to 59° C. in z seconds. Deduce expressions for the tem- 
perature of the enclosure and for the time the polished calorimeter 
takes to cool from 41° C. to 39° 0. Indicate any assumptions you make. 


CHAPTER XI 
CHANGE OF STATE 
Fusion 

Normal Freezing-point, — ^For every substance such as water, 
naphthalene, the elements, and eutectics [cf. p. 222] there is a 
definite temperature above which the substance is wholly liquid, 
while below that temperature it is solid. This temperatme is called 
the normal freezing-point when the external pressure is one atmo- 
sphere. Thus the normal freezing-point of water is 0° C.— if the 
applied pressure is changed the freezing-point alters. Later on, 
it will be found that this change is very small even when the change 
in pressure is one atmosphere, so that the effect of changes in 
atmospheric pressure on the melting-point of ice is negligible in 
practice. Other substances such as fats, alloys in general, silica, 
and glass, do not have a definite melting-point but are plastic over 
a range of temperature. 

The Laws of Fusion. — {a) For a given external pressure the 
temperature at which substances belonging to the first class of 
substance melt is the same as that at which they solidify, Le. 
during fusion or solidification the temperature is constant. 

(b) During fusion heat is absorbed {latent heat of fusion) 
while during solidification heat is disengaged {latent heat 
of the liquid at the freezing-point). 

Determination of the Melting-point of a Solid, — Method i: 
A capillary tube is made and dipped in a crucible containing a little 
of the molten substance. The liquid rises in the tube which may 
then be withdrawn. When cold the tip of the tube is heated to 
redness and closed to prevent the liquid from leaving the tube 
when in use later. The tube/is attached to a thermometer by 
a rubber band and placed in a beaker of water (or oil) heated by 
a small gas flame. The open end of the capillary should be above 
the siufaoe of the liquid in the beaker. The liquid is well stirred : 
when the substance melts the temperature is recorded. The flame 
is removed and the temperature at which solidification sets in noted. 
The mean of these temperatures is the melting-point required. To 
save time a preliminary experiment should be made in which the 
rate at which heat is imparted to the liquid is increased. . When 
an approximate value of the melting-point has been obtained in 
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tMs way the slow rate of heating should then be adopted commenc- 
ing at a temperature a few degrees below the approximate value 
of the melting-point. 

Method it : When a body, such as a crucible containing a pure 
metal, is cooling, the curve obtained by plotting the temperature 
against time is regular and smooth, provided that no change of 
state occurs. During the passage, however, from one state to 
another, say from liquid to solid, a certain amount of heat is almost 
invariably emitted — ^in fact it is the latent heat of the liquid metal 
at its freezing-point which is given out. “When the conditions are 
such that this change of state is about to take place, the first few 
molecules which separate give up their latent heat. Any further 
loss of heat does not cool the body but causes a further separa- 
tion of solid particles, and the amount of solid which separates is 
fust sufficient to balance the heat lost; the temperature of the 
mass therefore remains constant. This process continues until 
solidification has taken place, when the temperature again falls. 
Such facts are utilized in the determination of the melting-points 
of substances. 

Experiment. Clamp a boiling tube in a vertical position and 
surround the tube by boiling water. Introduce sufficient naphthalene 
into the tube until it is about two -thirds filled with liquid. Insert 
a thermometer in the liquid so that its bulb is in the centre of the 
liquid and fix it rigidly in this position, no stirrer being used. Remove 
the water, dry the outside of the tube and surround it by a large vessel 
to protect it from air currents. Record the temperature at intervals 



of half a minute, continuing the readings until the temperature is 
about 20 degrees below the melting-point. Wlien the observations 
are plotted, the temperature axis being vertical, the resulting curve. 
Fig. 1 PI (a), is called a cooling curve. Ji the experiment has been 
carried out with due care it will be noticed that one portion of the 
curve is parallel to the time axis* The temperature corresponding 
to this is the melting-point of the naphthalene. 

The Inverse-rate Curve. — Metallurgists are frequently required 
to construct a cooling curve of an alloy because it conveys to them 
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information concerning its composition. Since the observations 
are usually made at high, temperatures thermo-couples have to be 
used in place of mercury thermometers. Working at high tempera- 
tures means that the rate of cooling will be increased, so that if a 
cooling curve is constructed in the usual way it is difficult to estimate 
those temperatures where a change in phase takes place. To make 
these transitions more apparent an inverse-rati Gurre is Qon- 
structed. In this the temperature is plotted vertically, but along the 
a?-axis the time to cool one degree is plotted. The type of curve 
obtained is similar to that in Fig. IM (6). Changes of state are in- 
dicated where the curve shows peaks running parallel to the iu-axis. 

Unstable Conditions*-— Liquids with a definite freezing-point 
can be reduced in temperature to a point some degrees below the 
normal freezing-point, if the abstraction of heat takes place slowly 
and the liquid is not shaken. The liquid is then said to have been 
supercooled. Such phenomena were noticed by Fahrenheit as 
early as 1724. Gay-Lussac also reported that if water were placed 
in a clean vessel and covered with a layer of oil, the whole remained 
liquid at — 12® C. — slight shake and the whole froze, the tempera- 
ture rising to 0® C. Pure antimony can be supercooled by 60® G. 
The phenomenon is easily observed in the case of sodium 
thiosulphate which melts in its own water of crystallization. The 
solution may be cooled to room temperatures, but if a small particle 
of foreign matter is introduced, heat is evolved and the temperature 
rises to 32*4® C.— the normal fusion-point. The phenomenon of 
supercooling can therefore be used in the accurate determination 
of the melting-point of a substance. Despbetz noticed the same 
effect in capillary tubes containing water and it has been suggested 
that this is possibly the reason why the sap often remains liquid 
in the capillary vessels of plants during a spell of cold weather. 

The Change in Volume on Solidification. — In general, a con- 
traction occurs when a substance passes from the liquid to the solid 
state. This may be shown by melting tin in a crucible and then 
allowing it to cool. When the tin is cold a distinct cavity will be 
seen where the surface was flat when the tin was liquid. Paraffin 
wax behaves in the same way. Water, bismuth, and antimony 
exhibit the reverse effect. The increase in volume when water 
freezes may be shown with the apparatus indicated in Fig. 11*2. A 
large test-tube is half -filled with water and turpentine poured in oh 
the water so that the tube is fiTed completely. The tube is closed 
with a cork provided with a long piece of glass tubing. After it has 
been ascertained that there are no air bubbles present, the tube is 
surrounded by a freezing mixture [cf. p. 221]. At first the level of 
the oil may faU slightly due to a decrease in temperature, but soon 
the oil will rise rapidly. On removing the tube from the freezing 
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mixture ice will be noticed in it and it is the expansion due to its 
formation that causes the oil to rise. 

The expansion accompanying the production of ice 
brings in its train many beneficial results, but un- 
fortunately also some that are destructive. Amongst 
the beneficial, results it maybe mentioned that the 
fertility of soil is increased because of the disinteg- 
ration of its parts during frosty weather. The same 
action is responsible for the weathering of rocks. 

Moreover, life, as we know it on this planet, is only 
possible because of this expansion. Had it been 
otherwise the ice formed in ponds and streams 
during the winter would sink, and the heat of 
summer would not be sufficient to melt it. Year after 
year conditions would pass from bad to worse until 
all life depending upon an adequate supply of water 
would become extinct. 

On the other hand, this same expansion causes 
water-pipes to burst, and is often sufficient to raise 
a pavement. To prevent lead pipes from bursting 
it has been proposed to make them square in section 
so that when ice formed only the shape of the section 
would alter — it would tend to become circrdar. The 
proposal has not been adopted on account of the difficulties of bend- 
ing such tubing and of making a T-joint in it. 


Fia. 11-2. 



Influence of Pressure on the 
Melting-point. — ^We have already in- 
dicated that the melting-point of a 
substance depends upon the pressure 
to which the substance is subjected. 
James Thomson, in 1849, first showed 
that the melting-point of a substance 
which expands on solidifying [ice] would 
be lowered when the pressure was in- 
creased. Simple reasoning shows that 
this may be expected, for if a substance 
expands on solidification increased 
pressure wiU be* unfavourable to such a 
change. Thomson calculated that the 
melting-point of ice would be lowered by 
0-0075° C. per one atmosphere increase, 
i.e. w ice melts at + 0-0075° 0. 
Thomson’s brother, the late Lord 
Kelvin, devised the following ex- 
periment to test this conclusion. His 
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apparatus, Fig. 11*3, consisted of a strong glass cylinder, A, 
and water. A thermometer was placed inside 
and a massive piece of lead, B, in the form of a 
ring kept the central portion of the apparatus 
free from ice so that the indications of the ther- 
mometer could be observed. The thermometer 
contained a mixture of ether and sulphuric acid 
as the thermometric substance. A glass case 
protected the thermometer from the effects of 
increased pressure which would have tended to 
make the thermometer reading too high, due to a 
diminution in the volume of the bulb when the 
pressure was increased. The bulb of the thermo- 
meter was large so that the instrument was 
sensitive but slow in action. [At a later date 
Callendar used a platinum resistance thermo- 
meter which, in addition to being sensitive, was 
unaffected by changes in pressure and more rapid.] 
The outer glass vessel was closed by a metal lid 
provided with a screw plunger. By rotating the 
screw the pressure inside the apparatus could be 
increased. The pressure was measured by noting 
the compression of air enclosed in a vertical tube 
not shown in the diagram. 

To study the effect of pressure on the melting- 
point of wax, a substance contracting on solidifi- 
cation, Buksbit devised the apparatus shown in 
Fig. 114. The shorter arm AB contained wax 
whilst air filled the portion DE. The bulb C and 
the rest of the apparatus were fiUed with mer- 
cury. * The temperature of 0 was increased by 
heating the water bath around it. This caused 
the mercury to expand and exert a considerable pressure on the 
wax. The actual expansion was controlled by inserting the 
apparatus to different depths in the bath. The pressure was 
deduced from observations on the volume of the air above D. 
Bunsen found that paraffin wax, melting at 46*3® G. under a pres- 
sure of one atmosphere, melted at 49*9® 0. when subjected to a 
pressure of 100 atmospheres. 

Regelation. — If a thin loop of copper wire from which a heavy 
load is suspended is passed round the middle of a large block of ice 
at 0° C., the pressure on the ice under the wire is considerable so 
that the ice melts and the wire passes into the block. The water 
thus formed passes round the wire and freezes again since the excess 
pressure upon it ’has been removed. This process contmues until 
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after several liours the wire will have cut its way through the ice, 
hut the block will remain intact. An important process per- 
sisting throughout the whole operation just described is the constant 
flow of heat through the copper wire. The water immediately 
behind the wire is solidifying at its normal freezing-point, whereas 
the ice underneath is melting at a temperature lower than 0° G., 
owing to the pressure to which it is subjected being much greater 
than atmospheric. Now the solidification of the water above the 
wire is accompanied by an evolution of heat while the melting of 
the ice below necessitates an absorption of heat. There wiU there- 
fore be a flow of heat downwards through the wire and this main- 
tains both actions in process at the same time. .From this it is 
clear that the greater the thermal conductivity of the wire, the more 
quickly will the latter cut its way through the ice. As an extreme 
illustration of this the wire may be replaced by catgut when the 
cutting process is greatly retarded and the water does not freeze , 
above the catgut. 

The melting of ice under increased pressure is shown by the 
following experiment. Two blocks of ice adhere when pressed 
together and the pressure removed afterwards. This adhesion even 
occurs if the experiment is repeated with the ice blocks immersed 
in warm water. 

The slippery nature of ice is also due to the fact that ice melts more 
easOy under increased pressure — very cold ice is not slippery, and, for 
the same reason, very cold snow cannot be formed into a snowball. 

The motion of a glacier is attributed, at least in part, to this same 
phenomenon. The snow which accumulates to immense depths on 
high mountains exerts an enormous pressure on the uaideriymg 
masses, which melt, and then freeze into solid ice when the pressure 
is removed. The increased pressure of the snow and ice at the 
source causes the lower strata of the glacier, which was thus gradu- 
ally formed, to melt and solidify alternately. At each melting the 
glacier moves forward. This process is referred to as regelation* 

The Freezing of Solutions, — ^Experiment shows that the freez- 
ing-point of a solution is lower than that of the pure solvent. As an 
example let us consider the effect of lowering the temperature of an 
aqueous solution of sodium chloride. It is found that the tempera- 
ture at which ice begins to form and separate out from such a 
solution decreases as the proportion of salt is increased. This con- 
tinues until a temperature of — 23° C. has been obtained. Any 
further decrease in temperature and the whole solidifies en bloc. 
The solution which solidifies at this temperatoe contains 23-6 per 
cent, of salt. If solutions having a Mgher concentration of salt than 
this are cooled it is found that the freezing-point decreases as the 
amount of salt decreases f i.e. as the proportion of water increases. 
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Moreover, it is salt and not ice which, now separates when the 
freezing-point is reached. If the solution contains exactly 23*6 per 
cent, of salt then neither ice nor salt is deposited as the solution 
cools but the whole solidifies at a temperature of — 23*^ C. This is 
termed the eutectic temperature, while the particular mixture 
which freezes at this temperature is known as the eutectic. 

The Fusion of Alloys.— As a particular example let us con- 
sider the thermal equilibrium of alloys of thallium and gold. The 
freezing-point of pure metallic thallium is 300° C. and is represented 
by A, Kg. 11-5. As the gold content increases the freezing-point 
moves along AB until the eutectic point B is reached. Similarly, 
pure gold melts at 1100° C. — ^the point C on the diagram. When 
thallium is added to gold the temperature of solidification falls until 
the eutectic composition is again reached. 



Fig. 11-5. — Thermal Diagram for Alloys of Thallium and Gold. 

Consi<ier what happens when an alloy containing ON per cent, 
gold is cooled from the temperature indicated by the point K. The 
whole remains liquid until L is reached, when thallium begins to 
separate. The amount of thallium thus separating increases until 
the temperature corresponds to M. The mother liquid then has the 
eutectic composition so that after passing M aU is soM— an intimate 
conglomerate of thallium and the thaUium-gold eutectic. Similarly, 
if the alloy contains OS per cent, gold and its initial temperature is 
P everything remains liquid until Q is reached, when gold begins to 
crystallize out. The amount of gold increases until R is reached 
after which the whole is solid. This consists of the thallium gold 
eutectic throughout which pure gold is distributed. This particular 
example has been chosen since AB and BC are nearly straight lines. 

The alloys of tin and magnesium are much more interesting from 
this point of view. The thermal diagram is given in Fig. 11*6. It 
is at once apparent that there is a definite maximum on the curve 
corresponds^ to an ahoy containing 30 per cent, magnesium by 
weight. This corresponds to the intermetallic compound MggSn. 
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The curve exhibits two eutectic points, one for the system tin and 
Mg 2 Sn, and the other for the system magnesium and MggSn. The 
effect of cooling any particular alloy in this series is shown by the 
lettering in the diagram. 



Low Melting Point Alloys. — (i)Wood"s metaL — ^This is an 
alloy of tin, lead, cadmium and bismuth, in the proportions 
1:2: 1:4. It melts at 60*5® 0. 

(ii) Rosens metal. Tin, 1 ; lead, I ; bismuth, 2. , Melting- 
point 94-5° 0. 

These readily fusible alloys find many applications in daily life, 
e.g. in automatic sprinklers for buildings, so that when a fire occurs 
a plug made from one of these alloys and inserted in a water pipe 
melts and the water rushes from the mains. Also, a flow of gas 
along a pipe may be stopped if pieces of such alloys have been 
placed in the pipe, for they melt when a fire breaks out. Fusible 
plugs also permit fireproof doors to close automatically in the event 
of a fire. These alloys are also used as fuses in electrical circuits. 

EXAMPLE XI 

L — ^Describe and explain an experiment by means of which the 
effect of increased pressure on the melting point of ice may be investi- 
gated. How may the motion of a glacier be explained ? 



CHAPTER XII 


EVAPORATION AND EBULLITION— THE 
PROPERTIES OF VAPOURS 

The Three States of Matter. — ^AH substances are composed of 
molecules, or groups of atoms, and im soMs these particles are held 
together by large forces — ^it is said that solid bodies possess the 
property of cohesion. There is no reason to believe, however, that 
these particles are at absolute rest; in fact, if a piece of lead is 
placed in contact with gold and left for a period of several years, gold 
atoms are found embedded in the lead, showing that a shifting of the 
atoms has taken place. When the above experiment is performed 
at higher temperatures the migration of the atoms is facilitated. 
Prom such facts one must conclude that the molecules of a substance 
have a velocity which increases with rise in temperature. If the 
temperature of a solid is raised continuously, a stage is reached when 
the binding forces between the molecules cease to be sufficient to 
restrain their motion to the same extent as in a solid. The solid has 
changed into a liquid. A further supply of heat to the liquid again 
diminishes the forces of cohesion until the liquid becomes a vapour : 
in this last state of matter the molecules are more free to move than 
in any other. 

It must not be supposed that all the molecules in a body at a fixed 
temperature possess the same velocity ; in fact, for gases, Maxwell 
was able to calculate what fraction of the molecules in a gas were 
moving with a velocity different from that of the majority of the 
molecules. In liquids, for example, there will be some particles 
moving with a velocity greater than that of the major portion of the 
molecules, and these will, of course, move about more easily. Should 
they happen to be at the surface of the liquid, where, as mentioned 
in the section on surface tension, the resultant force is directed 
inwards, then the velocity being large, the energy of the molecules 
may be sufficiently big for them to overcome this force and to wander 
outside the realm of attraction of the liquid. Fig. 12*1 is a dia- 
grammatic representation of the state of affairs near the surface of 
a liquid in contact with air. The trajectories of the liquid mole- 
cules are indicated. Some of the molecules do not possess sufficient 
energy to escape from the liquid completely ; they pass into a 
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region just beyond the liquid and then return to it. They have 
merely made a transient excursion into the so-called ‘‘region of 
molecular attraction.’* Other 
molecules, possessing more 
kinetic energy, leave the liquid 
and do qot return : the liquid 
is evaporating. Now an increase 
in the temperature of a liquid is 
accompanied by an increase in 
the mean kinetic energy of its 
molecules, so that more escape 
from the liquid— the rate of 
evaporation has been in- 
creased. [A current of air 
also facilitates evaporation 
since some of the molecules 
not passing normally beyond the confines of molecular attraction 
are removed.] 

The molecules escaping jErom the liquid in the form of a vapour 
exert a pressure in just the same way as do the molecules of a 
gas, since they possess momentum. 

The Saturation Vapour Pressure of a Liquid. — ^Let a smaH 
quantity of the liquid be introduced into the Torricellian vacuum 
of a barometer tube— Fig. 12*2. The introduction of the liquid 
is facilitated by means of the small pipette ; in this operation it 
is advisable not to use the lungs to apply the necessary pressure, 
it being better to attach a piece of rubber tubing to the end of 
the pipette. This tubing is closed with a short piece of glass 
rod, and then squeezed so that the pressure inside the pipette 
increases and causes the liquid to be exuded and to rise above the 
mercury. At first, if a sufficiently small quantity of liquid has been 
used, the mercury column is depressed but no liquid is visible in 
the tube. The molecules of the liquid have escaped into the 
previously exhausted space, which is now said to contain an 
unsaturated vapour. By continuing the process, the mercury 
is further depressed, until suddenly there appears a small quantity 
of liquid on the surface of the mercury. When this happens just 
as many molecules leave the smface as return to it — ^the equili- 
brium, however, is a dynamic one, for there is no reason to suppose 
that the molecules of the vapour or the liquid have ceased to move 
when this condition is attained. The space above the mercury is- 
now saturated with vapour, and the depression of the mercury is 
equal to the saturation vapour pressure of the liquid at the tem- 
perature of the experiment, expressed in terms of oentimetrea of 
mercury. 



Fig. 12*1. — ^Diagrammatic Representa- 
tion of Molecules escaping from a 
Liquid. 
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If the barometer tube is supported with its open end below mercury 
contained in a deep vessel so that the volume of the space above the 
mercury in the tube may be varied, it will be found that the height 
of the mercury in the tube remains constant, so long as there is 
liquid remaining in contact with the vapour. The volume of the 
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are characterized by the fact that, at constant temperature, if the 
volume changes the pressure remains unaltered. 

Dalton performed experiments similar to the above and was able 
to enunciate two laws 

(1) The pressure exerted by a saturated vapour depends 
only upon the temperature and the particular liquid used. 

(2) The pressure exerted by a mixture of vapours (or gases) 
is equal to the sum of the pressures which each would separ^ 
ately exert if it alone occupied the space filled by the mixture. 
[Dalton's Law of Partial Pressures.] 

Regnault’s Apparatus for the Measurement of the S.V.P.of 
Water and Other Liquids at Low Temperatures.— This is a 
modification of an earlier form of apparatus designed by Dalton. 
The upper portions of two barometer tubes, Fig. 12*3, were placed 
in a bath which could be heated. The bath was well stirred and 
was made large [45-50 litres] to minimize fluctuations in tempera- 
ture. Water was introduced into one tube, the quantity being 
controlled so that the space above the mercury was saturated with 
vapour. The difference in level between the two mercury surfaces, 
observed by a cathetometer, gave the saturation vapour pressure 
at the temperature of the bath in terms of cm. of mercury at the 
same temperature. To get comparable values at different tem- 
peratures the results were corrected to 0® C. The front of the bath 
was provided with a plate-glass window. The observations were 
repeated at other temperatures, Regnault found that reliable 
results could not be obtained at temperatures above 50® 0. since 
the bath became too long for its temperature to be kept constant. 
Moreover, when the mercury was depressed nearly the whole length 
of the bath there was a tendency for the mercury surface to be cooler 
than the bath, so that it became difficult to know the true tempera- 
ture corresponding to the pressure measured. 

Regnault’s Apparatus for Water below 0® C. — The apparatus 
consisted of two barometer tubes, Fig. 12*4, to one of which a bulb, A, 
had been sealed. This contained water and was surrounded by a 
freezing mixture of snow and calcium chloride. The depression of 
the merctiry in the experimental tube below that in B is due to the 
pressure of the vapour ^ in A, and by measuring this depression the 
vapour pressure was determined. 

the study of vapours there are many pitfalls, a very common one 
being associated with the following experiment Suppose a glass cylinder 
is hermetically sealed and contains only a liquid (say ether) and its vapour. 
The ether is immersed in ice ; this condition is sufficient to determine the 
pressure inside the apparatus provided that the temperature is everywhere 
not less than 0® C. If the upper region of the tube is gently heated some 
ether will condense, but the pressure inside the apparatus is still that of 
the vapour pressure of ether at 0®O, If two such pieces of apparatus at 
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Refinault’s Apparatus for Water at ffigher Temperatures. 
_We^ have akeady noticed ‘the objections to Renault s first 
apparatus when an attempt was made to use it at higher tempera- 
tmes. To overcome these, Regnatot built the aparatas depicted 
in Eig 12-6 The method is based on the fact that when a hqm 
Malts saturation vapour p^s^e is equal to the Pressm^ ome 
“ atmosDliere ” in which the Tboiling occurs— cf. p. 232. ihe watei 
was heated in a copper vessel, B, connected to a bulb, A, contammg 
air The tube conLcting A and B sloped upwards and wm sur- 
munded by a condenser, C. The air could be removed m part from 



Fis. 12-6.-Regnault’s Apparatus for S.V.P. at Higher Temperatures. 

the apparatus by a suitable pump. The pressure in tl^i^h was 
atmospheric less that due to a column of mercury HK in the 
manometer. Four thermometers gave the temperature m ^ 
only two are shown here. They were inserted in small_ cavities 
closed at their lower ends and containing mercury to give good 
thermal contact. Two thermometers were in the ^ vapour and 
two in the liquid. Their readings were the same, indicatmg an 

O'C and 20° 0., respectively, are connected together by means of a glass 
tap,‘then, when the tap is opened, the pressure is at once everywhere equal 
to^that of ether at 0” C. ; but ether at 20° C. exerts a ^ater pressure than 
this ; so the ether at 20° C. evaporates and oondensesm the other tube, i ms 
experiment shows that the vapour pressure above a liqmd is alwa,^ equal 
to the vapour pressure of the liquid at the lowest temperature existmg. 
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absence of delayed boiling. The pressure having been adjusted 
to some desired value, the tap L was closed and in a short time 
the thermometers indicated a steady temperature ; the vapour 
pressure was then deduced since, because the liquid is boiling, it 
is the pressure of the atmosphere in the apparatus. By placing 
the thermometers in cavities as shown and not directly in contact 
with the liquid or its vapour, Regnault avoided errors due to 
the effects of a varying pressure on the bulbs of the thermometers. 

Although we have always referred to water as the liquid under 
examination it is at once apparent that the saturation vapour pres- 
sures of all other liquids which do not react with mercury or glass 
can be determined by one or other of these methods. This 



Fig. 12‘6. — Saturation Vapour Pressure of Water at different Temperatures. 

apparatus may also be employed to determine the S.V.P. of a liquid 
at temperatures above its normal boiling-point, when the only 
change in procedure is to increase the pressure of the air in the 
apparatus. If the effect of increasing the pressure considerably 
above atmospheric is being investigated, a closed manometer must 
be used to measure the pressure inside the apparatus.* The pressure 
is deduced &om observations on the volume of air — or better nitro- 
gen-contained in the closed limb of the instrument. Moreover, 
the various joints must be suitably strengthened. 

The manner in which the saturation vapour pressure of water 
varies with temperature is shown in Fig. 12*6. 

Ramsay and Young Apparatus.— Ramsay and Young (1885) 
devised a convenient and accurate method of determining the vapour 
pressure of a liquid at temperatures such that the saturation 
vapour pressure does not exceed 50 cm. of mercury. The arrange- 
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ment is shown in Fig. 12-7. A glass tube A, with a side tube B, 
carries a thermometer T, and a dropping funnel 0 contai^g the 
liquid. The side tube B leads to a small bottle D, and this leads 
to a suitable manometer. The pressure of the air in A is contr<^ed 
by a pump connected to E. The bulb of the thermometer T is 
surrounded with cotton or asbestos wool on to which liquid from 
the funnel is caused to drop, this being facilitated by the bend a 

the lower end of the dropping funnel. ^ ^ 

The tube A is placed in a suitable oil bath so that its temperature 
may be raised. Liquid is then aUowed to flow on to the cotton. 



wool attached to the bulb of the thermometer until the wool is 
thoroughly wetted. Rapid evaporation ensues and the vapour 
displaces the air in the lower part of the tube A ; in this region the 
liquid on the wool is surrounded by an atmosphere of its own 
vapour in which there is very little air. Under these ciroum- 
stances the liquid soon reaches a state in which it is in equihbrium 
with its own vapour, i.e. it has reached its boiling-point for the 
particular pressure to which it is subjected : free-boiling is im- 
possible, and the vapour cannot be superheated as long as any 
liquid remains on the cotton- wool, but as the vapour gradually 
diffuses away towards D, further evaporation follows. The 
pressure inside the apparatus is equal to the saturation vapour 
pressure of the liquid at the temperature indicated by T. It must 
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be emphasisied that it is only round the bulb of the thermometer 
that there is a satimated vapour— towards D, a vessel surrounded 
by ice, there is a mixture of air and vapour but beyond D there is 
only air, if D is efficient in condensing the vapour which enters that 
vessel by diffusion. The pressure in the apparatus, however, is 
constant and equal to the saturation vapour pressure of the liquid 
at the temperature recorded by T. When the thermometer shows 
a steady temperature the reading on the manometer is recorded. 
This pressure difference, subtracted from atmospheric pressure, 
gives the vapour pressure of the liquid at the temperature indicated 
by T. Consistent results are obtained when the temperature of 
the oil bath is about 20® 0. above that of the steady temperature 
indicated by T. 

The above apparatus was used by Ramsay and Young to deter- 
mine the saturation vapour pressures of camphor and acetic acid. 
They found that their results were most concordant for pressures 
not exceeding 50 cm. of mercury, i.e. for temperatures below and 
not too close to the normal boUing-point of the liquid investigated. 

Determination of the S.V.P. of Bromine. 

—The saturation vapour pressure of a liquid [say 
bromine] which attacks mercury may be de- 
termined as follows : — A long glass bulb, B, Fig, 

12*8, is blown and made into a form of hollow 
spoon by heating the glass on one side and apply- 
ing suction while the bulb is hot. A long light 
glass pointer is attached to B. This portion of 
the apparatus is surrounded by a wide glass tube 
the pressure of the air in it being controlled by a 
pump connected above the tap, C. The pressure 
is recorded by the manometer DE in which the 
space above E is exhausted. The position of 
the end of the pointer on the scale S is noted 
when A and the tube around B are exhausted. 

Bromine is then introduced into A which is sur- 
rounded by a water bath and, providing that the 
temperature of B and the tube connecting it to A 
is greater than that of A, the pressure in A, and 
therefore in B, is equal to the saturation pressure 
of bromine at the temperature of A. The excess 
temperature just mentioned is obtained by a 
heating coil placed as shown. The pressure in 
the wide tube is then adjusted so that the end 

TTth 1 o p 

of the pointer which has become deflected in this Bromine.* 

process is brought back to its zero position. The 

pressure of the air in this tube is equal to the pressure in A- 
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Conditions under which Boiling Occurs,— Before a liquid 
boils small bubbles of vapour are seen in those portions of the liquid 
nearer to the supply of heat ; if these are watched carefully it will 
be noticed that they disappear before reaching the surface of the 
liquid. The latent heat given out in this process helps to warm 
the upper regions so that eventually the temperature becomes 
uniform throughout the liquid, and the liquid boEs. 

It should be noted that liquids evaporate when exposed to the 
atmosphere at a rate which is greatly accelerated by increase in 
temperature ; on the other hand, boiling only occurs when the 
S.V.P. of the liquid equals atmospheric pressure. 

Steady Boiling.^ — Some time after a liquid has commenced to 
boil it may sometimes he noticed that explosive boiling ’V or 
** boiling by bumping ” occurs. This is attributed to the fact that 
the nuclei necessary for steady boiling have disappeared or become 
inactive. Steady boiling may be re-established by introducing a 
few fragments of broken glass or porous porcelain. The gas enclosed 
in the material will maintain steady boiling for a considerable time, 
especially if the supply of heat is not too vigorous. 

The S.V.P. of a Liquid at its Normal Boiling-point.— A 
U-tube, closed at one end, is made and completely filled with mercury 
by the method of alternate heating and cooling. A litt mercury is 
removed and replaced by recently boiled distilled water [air free] ; 
by inverting the tube, having closed the open end with the first 
finger, the water is introduced into the closed limb of the tube. All 
the mercury, except for a length of a few cm., is removed from the 
open limb— this maybe done by means of a capillary tube, drawn 
out from wider tubing so that suction may easily be applied. The 
tube is then placed in steam, Fig. 12-9 (a), when it will be found 
that the mercury stands at the same level in each limb of the 
U-tube. This experiment shows that the S.V.P. of water when it 
boils under atmospheric pressure is equal to the pressure of the 
atmosphere. 

If it is necessary to find the boiling-point of a liquid, especially if 
it is available in small quantity only, another tube similar to that 
just described is made, only the liquid under examination is intro- 
duced instead of water. The whole is placed vertically in a bath 
containing liquid which boils at a higher temperature than that 
being investigated, and the temperature raised until the mercury 
is at the same height in each limb, the hath being well stitTed. 
The temperature of the bath is noted ; the experiment is repeated 
with the temperature of the bath falling ; the mean of these is the 
boiling-point required — ^see Fig. 12*7 (6). In these experiments due 
caution must be exercised to see that a little liquid stUl remains in 
the limb A, 
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The S.V.F. of a Liquid (Small Quantity Available) and 
its Variation with Temperature, — ^The apparatus is shown in 
Fig. 12* 10. It consists of a U-tuhe whose closed limb A contains 
the liquid above mercury. The other end of this tube is connected 
to a second U-tub© B containing mercury. The pressure inside 
the apparatus may be varied by connecting the tube C to a pump. 
The boiling-point of the liquid at different pressures is then investi- 




(a) Fio. 12*10. — ^Variation, of B.P. 

Fio. 12*9. of a Liquid with Pressure. 

gated by inserting A in a water or oil bath and proceeding as in 
the previous experiment. 

Vapour Pressure of Solutions. — Experiment reveals the fact 
that the saturation vapour pressure of a solution is less than that 
of the pure solvent. It therefore follows that, when such a solution 
is at the temperature at which the solvent would boil under the pre- 
vailing conditions, the vapour pressure of the solution is less than 
atmospheric pressure, so that the solution does not boil : it only 
boils when the temperature is raised above this value. To deter- 
mine the boiling-point of a solution the thermometer must be placed 
in the liquid. The reason for this is that if we are dealing with an 
aqueous solution, for example, the steam from the liquid would 
condense on the thermometer bulb which would indicate a tempera- 
ture corresponding to the steam temperature under existing cir- 
cumstances. Any further heat supplied to this water simply causes 
it to evaporate without increasing its temperature, and since this 
supply comes from steam at a slightly higher temperature, water will 
condense on the bulb as fast as it evaporates away. Steady l^oiling 
is maintained by one of the methods already described. 
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Variation of Boiling-point with Pressure*— W© have already 
learnt that when a liquid boils its saturation vapour pressure is 
equal to that external pressure acting on its surface. It therefore 
follows that if the variation of the saturation vapour pressure with 
temperature be known the boiling-point of the liquid at different pres- 
sures is also known. Regnault’s apparatus may be used to investigate 
this effect. By abstracting air from the apparatus the boiling-point 
at pressures less than one atmosphere may be found, while by increas- 
ing the pressure of the air the boiling-point at higher pressures may 
be found. It is interesting to not© that Regnault HmseK used this 
apparatus up to a pressure of 28 atmospheres and proposed to con- 
struct a stronger apparatus to withstand greater pressures. 

The effect of reduced pressure on the boiling-point of water may be 
shown in a very striking way as follows : — round-bottomed flask 
[any other shaped flask invariably cracks owing to the increased 
strain at any corner when the pressure outside differs from that 
inside] is half -filled with water which is boiled to expel most of the 
air. While steam is still issuing, the mouth of the flask is closed 
with a rubber bung, the flam© removed at once, and the flask 
inverted under a stream of cold water. The water continues to 
boil vigorously, even though the temperature is reduced as low as 
40° C. 

The fact that liquids boil at lower temperatures when the external 
pressure is reduced is often used in the manufacture of certain 
classes of substance, especially those decomposing at a higher tem- 
perature. For example, milk is boiled under such conditions in 
the production of mflk powder ; sugar is also refined by a similar 
process. 

The Hypsometer.—The atmospheric pressure at any station is 
equal to the weight of a column of air, 1 cm.^ in section, stretching 
from that station to the upper limit of the atmosphere. It there- 
fore follows that at high altitudes the pressure is less than at sea- 
level. If the difference in pressure between two stations is known, 
the difference in their altitude may be deriyed at once if the density 
of air is also known. Tq cany a barometer from place to place 
would be cumbersome, so that it is preferable to use indirect means 
of ascertaining the pressure. This can be done with the aid of a 
hypsometer, an instrument employed in measuring the boiling- 
point of water at pressures other than that of the standard atmo- 
sphere [when it is defined as 100° G.]. This instrument resembles 
that used in discovering the error of a mercury thermometer at 
the upper fixed point. The thermometer, however, differs in one 
respect from the usual mercury-in-glass thermometer. The mercury 
colunjn is broken near the upper end by a bubble of air. In using 
the instrument this short piece of mercury is shaken down ; after 


PROPERTIES OF VAPOURS 


235 

use the thermometer is removed from the hypsometer when the 
thread still remains in position, thus indicating the maximum 
temperature to which it has been subjected. 

Dalton’s Law for Mixed Vapours.— For a mixture of two or 
more gases or vapours which do not react chemically with one 
another Daltok discovered that the total pressure was equal 
to the sum of the pressures that each component would exert if it 
were present alone and occupied the same volume as does the 
mixture. This is known as Dalton* s Law of Partial Pressures. 
It can, of course, only be an approximation since it is impossible 
to establish an infinitely great pressure by mixing a large number 
of vapours. But as a first approximation it is true both for saturated 
and unsaturated vapours. 

Example. Moist oxygen is confined over water at 20® C. The 
total pressure is 758*2 mm. of mercury; if the saturated vapour 
pressure of water at 20® C. is 17*4 mm. of mercury, calculate the pres- 
sure of the oxygen alone. From Dalton’s law of partial pressures it 
follows at once that the partial pressure of the oxygen is (758*2 — 17*4) 
= 740*8 mm. Of mercury. 

Experiment. Introduce a small quantity of air into a barometer 
tube containing mercury. Let the column be depressed x cm. so that 
the pressure of the air inside the tube is x cm. of mercury ; let the 
length of tube occupied by air be cm. Suppose that when a liquid 
is introduced into the space above the mercury the total depression 
is y cm., ^2 being the length of the tube occupied by the mixture of 
air and vapour. The air in the tube is now exerting a partial pressure 
p given by 

l^ax = l^ap 

where a is the cross-section of the tube. The partial pressure due to 
the liquid is therefore (y p) cm. of mercury. 

If a little liquid remains as liquid in the tube the above is the 
saturation vapour pressure of the liquid at the temperature of the 
experiment. 

Experiment. If the saturation vapour pressure of water at 20® C 
is known, its value at another temperature — ^^say 50® C. — may be 
determined as follows. A water index about 2 cm. long is used to 
enclose a volume of air in a capillary tube of uniform diameter. The 
tube is placed in a vertical position in a well -stirred bath of water 
at 20® C., and Jgo ^^d the length of the tube occupied by the air which 
is saturated with water vapour at this temperature, determined. The 
temperature of the bath is raised to 50® 0. and I^q determined. Let 
|?20 and p so be the saturated vapour pressures of water at 20® C. and 
50® C. respectively. If F is the atmospheric pressure and therefore 
the total pressure inside the tube, the partial pressures of the air at 
these two temperatures are (P — i? 2 o) (P — respectively. 
Applying the laws of Boyle and Gay-Lussac to the air, we have 

(P —• p2o)ho (P Pso)h^ 

T20 Tgo 

80 that Pfio luay be determined if is known. 
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latroduce a little water above the merc^ in. the 


Enmerlment. Introduce a httle water aoove uuo 
cW tob of a Boyle’s Law tube and make a senes oL observations 
of corresnondins values of the pressure and volume of the mixtme of 
1 SateS vtpour. Hotthe values of the pressures as ordinates 
TaS tS^ reciprocals of the corresponding volumes as abscis^. 
Draw the best straight line through the pomts thus obtamed. The 
SSmeS mCde by this line on the y-aids is 

pressure of water at the temperature of the experiment, jae re^OT 
for this is that if P is the pressure of 

of the water, then, considenng the air alone, (P -pIV - constant 

(say a), or P - p = a/V. Hence, if y = P and a: = y. this equation 

becomes p = a* + p, which represents a straight line whose intercept 
on the y-axis is p, the required pressure. 

The Triple Point.-In Fig. 12 - 11 . the curve OP represents the 

relation between the vapour pressure of water (hquid)_ a’l'i ^ 

temperature : it is termed 

the steam line. The 
vapour pressure curve for 
ice is represented by OQ, a 
curve known as the hoar- 
frost or sublimation 
curve. The effect of pres- 
sure on the melting-point 
of ice is represented by 
tbe line OR, the so-called 
ice-line. The point 0, 
where the three lines in- 
tersect is known as the 
triple point, its co-ordin- 
ates being pressure 4*57 
mm. of mercury, tem- 
perature 0*0075® C. This point is such that at the ^ pressure and 
temperature represented by it, the three phases, solid, licjuid and 
vapour may co-exist in equilibrium. Any small departure from 
these conditions is accompanied by the disappearance of one of the 
phases and the equilibrium is represented by a point on one of the 
lines, OP, OQ, or OR. 

Definitions : The components of a system {of substances) 
are those substances taking part in a reaction but not decom- 
posed in the process. The components may be elements or com- 

ponnds ^in the instance discussed above there is one component, 

viz., water. 

The phases of a system are the different physical states 
in which the components may exist. Thus ice, liquid water, 
and vapour are the three phases in which water may exist. 

Returning to Fig. 12dl, it may now be said that the lines OP, 
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OQ, and OR represent the eq[uilibrmm conditions of three two- 
phase systems : liquid- vapour, vapour-solid, and solid-liquid. 

Vapour Density. — The vapour density of a substance is defined 
as the density, i.e. mass per unit volume, which the vapour would 
possess if it could exist as an ideal gas at 0® C. and under a pressure 
of 76 cm. of mercury. Although such conditions can never be 
realized, it is usual to make the calculation as if such conditions 
were possible. Let V be the volume of the vapour, at pressure p 
and temperature T® K. Then at 0° 0. 

[or 273® K.] and 76 cm. of mercury 
pressure, its volume Vq is given by 
76Vo_pV ^ 273 

- --"^5 or Vo- 


.V. 


273 T/ ' ® 76 “ T 

If m is the mass of liquid used, its 
vapour density p, as defined above, is 

m 76 T 1 

p = _ = cm.-3 

One of the most accurate means 
of determining the vapour density of 
a substance is due to Hoimank. 
The apparatus is shown in Fig. 12*12. 

A glass tube A, having a diameter of 
2 cm. and length 90 cm., is cleaned, 
dried, then filled with pure clean mer- 
cury and finally inverted in a trough B 
containing mercury. The tube A is 
surrounded by a wider jacket C, 
through which steam or other vapour 
may be passed. The two tubes dij) 
into B, the tube A being held in posi- 
tion by means of a circular piece of 
wire gauze D. 

A small known mass of the liquid 
whose vapour density is required is 
placed in a miniature bottle and in- 
serted under the barometer column ; 
the bottle rises and the liquid evapor- 
ates, causing the mercury column to 
course, all the liquid must evaporate. 



Fig. 12- 12.r— Hofmann’s 
Vapour Density Apparatns. 


be forced downwards — of 
The volume of the vapour 
is deduced from the gi'aduations on the tube, parallax errors being 
avoided by placing a mirror behind the tube, whilst the pressure is 
obtained by subtracting the height H from the barometric height. 

In making this subtraction it must he remembered that H repre- 
sents a pressure due to a column of mercury at the steam tempera- 
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ture while the barometric height is measured directly at room 
temperature. To subtract these two heights is therefore absurd 
unless they are both corrected to the same standard temperature, 
yiz. 0® G. MoreoTer, th# volume of the tube will be found by 
calibrating it with mercury at room temperature so that a correc- 
tion for the expansion of the glass has to be made in estimating • 
the volume of vapour at the higher temperatuie. Another correc- 
tion, although small, has to be made. It arises from the fact that 
when the volume of the tube is being estimated the curvature of 
the mercury is in the opposite direction from that in the actual 
experiment. A table giving the necessary correction will be found 
in Science Abstracts, A, 1910, No. 1663. 

Dumas’ Vapour Density Apparatus.— This apparatus, in 
addition to its historical importance as providing the first means 
of determining the vapour density of a substance, to-day furnishes 
us with the best means of determining such densities, when used by 

a skilled experimentalist, and full 
corrections are made for the rather 
numerous sources of error, which 
were not apparent to the earlier 
investigators. It is interesting to 
note that Loed Rayleigh used 
this method when he found that 
atmospheric nitrogen differed in 
density from that prepared chemi- 
cally, a fact which ultimately led 

Fig. IS-lS.— 'Dumas’ App^atus the discovery of the inert gases 
for detcrmimtig the Vapour 'J , ® 

Density of a Substance. argon, neon, krypton, xenon 

gases which play an important 
part in modern atomic theory and also in industry. 

The essentials of this method are as follows : A, Fig. 12d3, is 
a large glass globe, the neck of which is drawn out to a narrow aud 
thin- walled tube, BC. This is supported by two metal rings, D 
and E, carried on a rod, H, attached to the outer casing of an iron 
bath, W, which may be filled with boiling water — ^or other sub- 
stance. A copper lid, covered with asbestos, ensures that BC 
shall be at the temperature of the liquid boiling in W. 

To carry out a determination of the vapour density of carbon 
tetrachloride (CCI4), for example, the flask A is cleaned, dried, , 
and its mass determined. Let mi be tho mass in the scale pan 
when the flask is weighed in air, at temperature t and pressure p. 
Then 

= apparent mass of bulb in air 

= mass of bulb — mass of air displaced by the material of 
the bulb at temperature t and pressure p. 
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About 5 cm.® of carbon tetrachloride are then placed in the bulb, 
and when the water in W is boiling, the bulb and its contents are 
placed in position. The tetrachloride evaporates and (Msplaces 
the air inside the bulb. Finally, when aM the liquid has evaporated, 
the bulb remains filled with vapour at pressure 'p and temperature 
6, the steam temperature under prevailmg conditions. [A piece 
of polished metal held near to the jet C is no longer dimmed when 
vapour has ceased to issue from the bulb.] The tube BC is then 
closed, the bulb removed from the water, dried, and its total mass 
again determined. Suppose that is the mass in the scale pan 
when the balance is in equilibrium and the bulb filled with 
vapour. Let be the mass of the vapour in the bulb. 

Then m 2 = + mass of bulb — • mass of air displaced by the 

closed bulb at temperature tand pressure 
Hence — jj, — mass of air required to fill the closed 
bulb at temperature t and pressure p. 

To determine this mass of air, it is necessary to find the volume 
of the bulb. This is done by opening the neck of the bulb imder 
water — ^the flask will completely fill with water if the experiment 
has been successfully carried out. Let Vi be the volume of the 
flask at temperature as deduced from the mass of water it con- 
tains at temperature Let y be the coefficient of cubical expan- 
sion of the material of the flask. Then 


v,= v,[i + y(«-M] 

and V, = V,[l+y{0 

liet pQ be the vapour density of the carbon tetrachloride at tem- 
peratui’e 6 and pressure p. Then 

273 + 0 ^76 
273 ■ 


Now jjL = Yq . pq, so that may be deduced when pL is known. 

Let (To be the density of air under standard conditions, cr its density 
at temperature t and pressure p. 


Then 


273 p 
~ 273 + r 76 ■ 


mass of air required to fill the bulb at temperature t and 
pressure p 


Hence po may be deduced., 

[In the above argument it has been assumed that the pressure 
and temperature of the air have remained constant throughout the 

experiment.] ^ 
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Cooling Produced by Evaporation.— In consequence of the 
fact that 5 is the more rapidly moving molecules which escape from 
a liquid when evaporation occurs, it follows that the totel kmetic 
energy of the molecules remaining behind must diminish, i.e. the 
liquid will he cooled. To maintain the rate of evaporation heat 
must he supplied— this we have already termed the latent heat of 
vaporization of the liquid. 

EsipeHment. Place a beaker containing ether on a wet pieoe of 
wood. By passing air from a bellows through the ether, cat^e this 
to evaporate rapidly. After a httle while the beaker 
cannot be removed since tbe layer of water below 
will have frozen owing to the heat abstraoted from 
it, ■ ■ ' 

Wollaston’s Cryophorus.— This instrument 
consists of two bulbs, A and B, Eig. 12-14, joined 
together by a fairly wide tube as shown. The 
bulb A contains water, the rest of the apparatus 
being filled with water vapour only. The bulb 
B is placed in a freezing mixture of ice and salt 
while the upper one is jacketed with a thick layer 
of cotton-wool to diminish the exchange of heat 
between A and its surroundings. The vapour in 
B condenses ; it is replaced by vapour produced 
by the evaporation of water from A : more 
vapour condenses and more water evaporates. 
The necessary heat of vaporization is abstracted 
from the water itself so that its temperature 
falls, since heat can only pass very slowly 
through the cotton-wool to the water. After 
about fifteen minutes a layer of ice will have 
®^Wouit7’s formed on the surface of the water and “ snow ” 
Cryophorus* will be visible in B. 




EXAMPLES Xn 

■ i.„A quantity of air in contact with a liquid has a votoe of 126 
cm.’ at 19'2'’ C. imder a pressure of 74-8 cm. of mercury. The pressme 
is increased to 141-8 cm. of mercury and the volume halved. H “u® 
temperature remains constant, calculate the vapour pressure of the 

How nfay the saturation vapour pressure of alcohol be measmed 
between 60° C. and its boiling-point? An enclosed- mass of ^ 
saturated with water vapour at 100° C. On raising the temperature 
of the whole to 200° C. without change of volume the pressure increases 
to 2 atmospheres. Find, approximately, the pressure at 0 U _ 

3 . ^The apace above the mercury in a barometer tube contains a 

little air, water vapour, and a drop of water. The length of the mercury 
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column is found to be 73*6 cm. when the true height is 75*5 cm., tod 
74*6 cm. when the true height* is 76*7 cm. Assuming that the top of 
the tube is 10 cm. above the mercury level in the first instance, calculate 
the pressure of the air and the vapour pressure of the water in the tube. 

4. — Explain how the boiling-point of a liquid at temperatures some- 
what above its normal boiling-point may be determined. A small 
liquid index encloses a volume of air in a miiform tube. If the length 
of the tube occupied by air is 20 cm. at 30® C., when the saturation 
vapour pressure of the liquid is 1*75 cm. of mercury, what 'will be the 
length when the temperature is 50® C., the saturation vapour pressure 
of the liquid then being 9*23 cm. of mercury ? Height of barometer 
76 cm. 

5. — How would you study experimentally the relation between the 
saturation vapour pressure of water and the temperature, for temper- 
atmres above the normal boiling-point ? A small glass bulb nearly 
filled with water is placed in an iron cylinder which is then heated in 
a vessel of boiling water. When the temperature is steady, tlie cylinder 
is hermetically sealed and the glass bulb broken by shaking. Discuss 
what will then foe the value of the pressure inside the cylinder. 
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' -WATER m THE ATMOSPHERE 

Relative Humidity.— Our ideas concerning the conditions of the 
atmosphere, with reference to its moisture content, are often 
fallacious if they are formed without actual measurement. On a 
summer morning the presence of dew and slight haze shows that the 
air is saturated with water vapour. As the day progresses the heat 
of the sun warms the atmosphere and thereby enables it to carry 
more moisture without becoming saturated. Under such conditions 
it is often erroneously stated that the air is dry ; actually it contains 
more moisture than before. It is only by comparing the masses of 
vapour present in a definite volume of air under various circum- 
stances that the true facts can be ascertained. Instruments used 
for this purpose are called hygrometers, whilst the ratio of the 
actual amount of water present to that required to saturate it at 
the same temperature is referred to as the relative humidity of 
the atmosphere. 

If m is the actual mass of vapour present in a given volume of air, 
and M the mass required to saturate it at the same temperature, the 

relative humidity is But iE the vapour obeys Boyle’s Law, which 


P 

it does approximately, this same ratio is equal to where is 


the partial pressure of the water vapour present and P is the 
saturation vapour pressure of water at a temperature equal to that 
of the air.. 


The Dew-point. — ^When moist air is cooled, a temperature is 
soon reached when the quantity of moisture present is sufficient to 
saturate the air ; any further cooling causes some of the vapour to 
be deposited on surrounding objects in the form of dew. If the 
surrounding objects ” are not visible the deposition takes place 
on small nuclei — dust, etc. — and fog is produced. The first hygro- 
meters invented were designed to estimate the dew-point, for then 
the partial pressure of the water vapour is known since tins is equal 
to the saturation vapour pressure of water at the temperature of the 

242 '.' ' "■ 
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dew-point. The vapour pressure of water at the existing tempera- 
ture may be obtained from tables and the relative humidity may 
then be calculated. The essential features of a ghod hygrometer 
are that an observer should be able to ascertain the exact instant 
when dew begins to be deposited, and he should also be able to m 
know the temperature of the surface on which the deposition occurs. 

DanielFs Hygrometer, — ^^This consists of two bulbs joined 
together as in a cryophoms, the enclosed liquid being ether. The 
lower bulb contains the liquid while the upper one is covered with 
a muslin bag on to which ether is poured. The rapid evaporation 
of the ether lowers the temperature here so that some vapour inside 
this bulb condenses. This causes the ether in the lower bulb to 
evaporate, a cooling effect being noticed. As the cooling proceeds 
dew begins to be deposited on a gold band on the outside of the 
bulb. The temperature is recorded by a thermometer inside the 
bulb where it is undoubtedly lower than that of the gold band. 
To overcome this difficulty the temperature is observed at which 
the dew disappears when the temperature rises again ; the mean is 
taken as the dew-point. The upper bulb must only contain ether 
vapour— a little liquid ether may be allowed and some liquid 
certainly collects in this bulb while the mstrument is in use. The 
mass of Hquid in this bulb must never be allowed to become large,* 
for if it does the rate of evaporation of the liquid in ^ lower bulb 
is seldom rapid enough for dew to be deposited. Although Danielles 
hygrometer is the oldest form of such instrument it is unfortunately 
the most objectionable. Amongst the several objections we may 
mention that it is made of glass, a poor conductor of heat, and 
therefore does not assist in the establishment of a uniform tempera- 
ture. In addition, although a mean value of the temperature is 
observed it caimot be the true dew-point since the outside of the 
mstrument is always hotter than the inside. Moreover, the air 
around is filled with ether vapour, and the liquid in the hygro- 
meter bulb is not stirred. Many of these objections do not apply 
to Regnault’s hygrometer. 

Regnault’s Hygrometer. — This apparatus consists of a glass 
tube A, Fig. 13*1, the lower end of which is attached to a highly 
polished thin sUver capsule. The tube contains ether, and a piece 
of quill tubing passes through a cork, nearly to the bottom of A. 
A side tube is connected, through the tubular stand, to an aspirator, 
C, preferably placed at a considerable distance away so that the 
moisture content of the atmosphere shah not be disturbed by it. The 
withdrawal of air from the aspirator causes air to bubble through 
the ether and this produces a rapid evaporation with a consequent 
co(^g. The process is continued until moisture is deposited 
on^ the silver: the temperature is recorded and the flow of air 
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reduced so that one bubble of air passes in 6 or 10 secs . The cooling 
produced now is insuiScient to maintain the temperature low 
enough for the moisture to remain on the silver, but the bubbles 
are necessary in order that the liquid may be thoroughly stirred. 
The temperature at which the moisture disappears is observed, 
and the mean temperature taken as the temperature at which the 
moisture content of the atmosphere is sufficient to saturate the air, 
i.e. it is the dew-point. The bulb B does not contain ether and 



is simply used as a comparator ; both tubes are protected from the 
operator by means of a. large sheet of glass. 

Dines’ Hygrometer. — reservoir, A, Fig. 13*2, is filled with 
water cooled by ice, A second chamber, C, communicates with A 
through a long tube. E is an exit tube. The flow of water is con- 
trolled by a tap, T. The upper part of C is closed by a piece of black 
glass or a silver plate. The thermometer D records the temperature 
when dew appears. T is then closed and the temperature at which 
the dew disappears noted. The mean of these two observations is 
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the dew-point but, as in DanieU’s instrument, it is not a reliable 
estimate of the dew-point. 

The Wet and Dry Bulb Hygrometer.— Eor field observations 
it is inconvenient to use a Regnault hygrometer ; instead, use is 
made of Masok’s wet and dry bulb hygrometer. Two ther- 
mometers are placed side by side, the bulb of one being surrounded 
by muslin, kept moist by means of a piece of cotton wick dipping 
into a small vessel of water. The “ wet bulb indicates a lower 
temperature than the dry bulb on account of the heat absorbed 
during the constant evaporation of the water which occurs there. 
This difference depends upon the relative humidity of the atmo- 
sphere ; to enable this to be calculated tables have been prepared 
showing the relative humidity corresponding to this temperature 
difference under various conditions. 

Instead of using tables in connexion with this hygrometer, the 
following formula is sometimes used to calculate the pressure, p, 
of the water present in the air. If ^ is the air temperature, that 
of the wet bulb, pw the saturation vapour pressure of water at the 
temperature of the wet bulb, P the atmospheric pressure, then 

P=J>w- AP(« — U 

where A is a numerical factor. Attempts have been made to 
establish the formula theoretically, but they are not satisfactory. 

Wet and Dry Bulb Hygrometers of the Ventilated Type : 
Psychrometers. — ^The factor A in the above equation differs 
materially according to whether or not the wet bulb is in quiet or 
in moving air. In view of this the instrument has been regarded 
as a notoriously unreliable one. By modifying the construction, 
however, so that air at a definite velocity is drawn past the thermo- 
meter bulbs, it may be converted into a satisfactory instrument. 
“This important fact was demonstrated by the Italian physicist 
Belli in 1830, and in view of the simplicity of the device it is some- 
what surprising that the stationary form of wet and dry bulb hygro- 
meter is tolerated at aU to-day,’’ says Griffiths in a Discussion on 
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HvKTometry before the Physical Society. He showed that if the 
^ISity of the air exceeds about three metres per second 
A aiiLes a constant value for a particular instrument. It is 
determined from simultaneous readings obtamed mth this ygro- 
meter and with Regnault’s [modern type, ci. p. ^48.1. 

To obtain a sufficient velocity of air past the thermometers ^ey 
are secured to a rod and whirled round, or an electric motor may 
be used to draw air past them. The foEowing 

by GEffimHS and an improvement on an earher pattern by 
is known as a tubular psychrometer. It consists of a 
steel tube. Fig. 13-3 («), in which the thermometers are placed. 
By means of a fan coupled to an electric motor, air is dra^ p^t 
the bulbs of the thermometers. After the s^k roimd 
bulb has been moistened the instrument may be used for _40 min- 
utes without replenishing the supply of water. A glass wmdow is 
inserted in the tube so that the thermometers may be read. ^ 
advantage of this instrument is that it is ® 

observer^ to be in the room where the relative humidity is bemg 

determined. t ..i,- 

The Chemical or Gravimetric Hygrometer.-In tffis method 
air at a known mean temperature, indicated by thermometers placed 

pumice soeted mtli conoentreted mlphjino rad (to u 
dent than calcium chloride) and contamed m tubes D. ^g- 4 

S riSi “ Pdulioe stone most not be too small or the moto 
of aoii enoosslve, so that air passes fteoly thiong^e tnbea. the 
nressure of the air in A then being atmosphenc. The aspnator A 
contains water, the vapour of which is prevented from reachmg the 
absorption tubes by means of calcium cUoride contamed m a 
bottb B. The cork in the aspirator supports two glass tubes bent 
at right angles ; one acts as a siphon and the other serves to connec^ 
the fspfrator with the rest of the apparatus. 

the apparatus is facilitated by using absorption^ tubes of the t:^e 
show? ffi the diagram. To prevent air leaking into the apparatus 
the corks are pushed well into the tubes and the necks of the 
bottles A and B, and then covered with molten wax 
^owed to soHdify. The tube C contains asbestos wool wffich 
serves to prevent dust particles from reaching the a|bsorbmg tubes. 

Before using this hygrometer it is essential to discover wh^her 
or not the apparatus is leaking. To do this, the stop-cock Ti is 
closed, while the stop-cocks T. and T, are o^ned. On ope^ 
the stop-cock T. attached to the delivery tube no water should 
OTflTlbe .ppumto or rather it should not oonlmno to 

1 A suitable wax consists of a mixture of beesw^ and v^eline-about 
equal parts being melted together and then allowed to solidify. 
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do so— it will flow out slowly at first until pressure conditions 
inside the apparatus have adjusted themselves to correspond to 
the difierence in level between the water in A and that of the 
exit of the delivery tube. If water continues to flow out there 
is a leak, and this must be rectified before proceeding further. 
It is essential that all the air finding its way into the aspirator 
should have passed through the drying tubes. 

T4 is then closed and the drjnng tubes removed in order that 
their mass may be ascertained. During the above process the 
pressure inside A will have become atmospheric. All taps are then 



Dry Bulb Hygrometer of flow of the water is about one litre per 

J minute. After about half an hour, T* ia 

(d) Section across XX. closed and .the increase in mass of the 
dr3?ing tubes determined. The mass of 
the water which has escaped from the apparatus is also determined. 

If all corrections are neglected, the mass of water per cubic metre 
of the air is then deduced : if the amount required to saturate 
an equal volume of air at the same temperature and pressure is 
known, the relative humidity may be calculated. The objection 
to this method is that it occupies a considerable time and only 
gives a mean value of the relative humidity. 

Theory of the Gravimetric Hygrometer.— For the sake of 
simplicity we shall assume that 6 is the temperature of the air and 
the aspirator, and that it remains constant. Det V be the volume 
(in cubic metres) of water run out from the aspirator. I^t H be 
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the barometric pressure ; p the actual pressure of the w^er present 
in the air and j), the saturation vapour pressure of water at d Q. 
Since the dry air leaving the drying tubes and passmg mto the 
aspirator becomes saturated with water vapour the total pressure 
■R inBiAe the aspirator is made up of p., the saturation vapour press- 
ure of water at 0“C., and (H-p,). the partial pressure of the 

But this air was moist when it entered the hygrometer, its partial 
pressure then being (H - p). Then the volume of air entering 

the apparatus, is, by Boyle’s law, given by 

Vi(H-p) = V{H-p,). 

Let u be the increase in the mass of the drying tubes after an 
experiment. Then the mass -of vapom present per cubic metre is 
/i fi H-p 

Now, unfortunately, in the above equation p is not kno-tm. It 
may be calculated as follows. Let u be the relative density of water 
vapour with respect to air at the same temperature and pressme— 
then under the low pressures here contemplated o is a constant. 
If M is the mass of a cubic metre of air at S.T.P., the mass of a 
cubic metre of air at pressure p and temperature 6 is 

[oc = ^deg.-iC.] 

76(1 +a0) 

The mass of a cubic metre of water vapour at pressure p and 

temperature d is therefore 

Mpo ,». H-p 
76(1 -i- a0) V H - Ps' 

From this equation p is determined. The relative humidity is 
'P 


then given by 100 J per cent. 

[The mass of water present in a cubic metre of air measured under 
existing conditions may then be calculated— it is not given at once 
by this method as ordinarily supposed. The above quantity is 

termed the absoluie of the atmosphere.] 


A Modern Form of Regnault’s Apparatus.— The hygrometer 
itself, consisting of a sUver thimble at the end of a glass tube, is 
mounted in the hd of a wooden box one haM of which may be moved 
about hinges attached along that edge of the box passing throigh A, 
Fig. 13'5. Air is forced through some ether placed^m the thimble by 
gently squeezing a rubber ball attached to the air inlet by ^mbber 
tubing. The surface of the thimble is viewed through a double 
glass window, the interior of the box being illuminated by a lamp 
L placed outside the box. Before a determination of the humidity 
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at any station is made, the lower half of the box is made to oscillate 
several times to ensure that the air inside the box is an average 
sample. The box is 
then closed and the 
experiment con- 
ducted in the usual 
way. The particular 
advantage of this 
apparatus is that 
the hygrometer is 
screened from the 
observer while ob- 
servations are being 
made. This is very 
essential when the 
temperature is low, 
for it must be re- 
membered that at 
0® C. less than 5 gm. 
of water is sufficient 
to saturate a cubic 
metre of air. 

Cloud and Mist. 

—The production of 
mist or cloud is one of the results produced by the condensation 
of moisture in the air— a cloud simply being mist at a high 
altitude. In order for such small drops of water to be formed 
some dust particles or electric charges must be present upon which 
the water vapour may condense. The drops must be extremely 
small since they do not fall to the earth — ^the viscous nature of 
the atmosphere is slight, but nevertheless sufficient to prevent 
aiiy rapid motion of these particles. There is a tendency, however, 
for these drops to coalesce, and when they are sufficiently large, 
rain is precipitated. 

Snow add Hail.— Snow is probably a consequence of the direct 
passage of water vapour into the solid state. Hail is most likely due 
to the freezing which takes place when rain-drops pass through 
strata of air where the prevailing temperature is below 0® C. By 
cutting a hailstone in halves it has been shown that such a stone 
may consist of several distinct layers, proving that moisture has 
condensed upon the original piece of hail several times, and, after 
each condensation, freezing has occurred. 

De.w and Frost. — The small drops of water which are seen clinging 
to stones, etc,, in the early hours of a summer morning and at 
other times are referred to as dew. These drops have not beenr 
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Fia, 13.0. — ^N.F.L. Form of Regnaiilt*« 
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produced in the regions remote from the surface of the earth, but 
in the immediate vicinity of the earth’s surface. Dew is generally 
noticed when clouds have been absent. The .absence of cloud 
permits heat to be radiated into space and this loss of heat is 
followed by a local lowering of the temperature. This lowering is 
much more marked when stones, etc., are present, for these are 
good radiators, and if the temperature is lowered below the dew- 
point the appearance of water-drops on the cooled object is the 
result. 

When there is no wind the layers of air near to the objects from 
which heat is being radiated are cooled more rapidly, so that the 
production of dew is favoured. The conditions favourable for the 
formation of dew were first stated by Wells (1812) in a celebrated 
‘‘ Essay on Dew,” and are as follows : 

(i) there should be a cloudless sky, 

(ii) there should be no wind, 

(iii) the relative humidity of the atmosphere should be high. 

In 1886 Aitken extended the above theory. He maintained 

that there are two types of dew : 

(i) that which depends on the water vapour present in the 
atmosphere, 

(ii) that which results from the water given off by the leaves of 
plants. This is emitted as a vapour and under normal conditions 
passes at once into the unsaturated air. When the air near the 
leaves is saturated with water vapour, then that which comes from 
the leaves appears as dew on them. 

If the dew-point is below 0® C., and the temperature still lower 
the water is deposited as hoar-frost. When the temperature is 
below 0® C, but the air not saturated with moisture, then the 
prevailing conditions are known as a black-frost. 


EXAMPLES Xm 

1. — ^Write a short essay on the measurement of the humidity of the 
atmosphere. — (L. *28.) 

2, — Define the terms relative humidity, absolute humidity, and satur^ 
ated vapour. Describe and discuss the method due to Regnault and 
the chemical (or gravimetric) method of determining the relative 
humidity of the atmosphere. 

Explain how the absolute humidity sand the relative humidity 
of the air may be measured. 

In certain conditions of weather, the walls and tiled floors in a house 
may become very damp. How do you account for this ? How may 
it he prevented ? 


CHAPTEB XIV 

THE DYNAMICAL THEORY OF HEAT 

Early Theories of Heat.— From the early days of science down 
to the beginning of the nineteenth century two rival schools had 
expressed their opinions concerning the nature of heat. The one 
regarded heat as a subtle fluid which permeated the pores of a body ; 
the other maintained that heat was due to the motions of the 
molecules. Neither theory was well founded — ^in fact, we may use 
them to compare the way in which research was prosecuted by the 
Ancient Greeks and that adopted to-day — or rather, the ways were 
always the same, only the various factors were assessed difierently. 
The philosophers of the Classical Era were satisfied with very few 
facts and proceeded at once to form a theory when they had become 
cognizant of them. Nowadays, it is not until many facts from a 
multitude of various sources have been obtained that a theory is 
attempted. 

The Caloric Theory.— This theory attributed heat to the pres- 
ence of a self -repellent and all-pervading fluid. It was attracted by 
all forms of ordinary matter and an increase in temperature was due 
to a gain in caloric, the resulting expansion being due to the mutual 
repulsion of its particles. It was generally held to be imponderable. 
The conduction of heat was attributed to the flow of caloric from a 
higher to a lower temperature — ^the driving agent being the self- 
repellent nature of this imponderable fluid. 

Hard Facts for the Galorists.— The adherents of the caloric 
theory were well acquainted with the fact that heat may be pro- 
duced by friction as when a savage rubs two pieces of dry wood 
together to kindle his fire, or when a grinding wheel wears away the 
surface of a metal it is polishing, and the heat developed is so great 
that the abraded material is raised to incandescence. The calorists 
explained this by making the arbitrary but incorrect asfimption that 
the thermal capacity of a substance was less in the powder form than 
otherwise. But stUi harder facts were in store for them. In 1798, 
while engaged in the boring of caimon at Munich, Cotot RumoED 
noticed the large amount of heat developed in this process. To 
test the matter further he used a blunt borer. The heat was still 
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generated, altiLOUgh the amount of abraded metal was negligibly 
small. The caiorists, however, held steadfastly to the tenets of their 
theory, but when Davy showed that ice could be melted by rubbing 
two pieces together the death-knell to this theory was sounded 
(1799). According to the caiorists, the friction had caused caloric 
[heat] to be squeezed out from the ice, i.e. the thermal capacity of 
water would be less than that of ice. This was contrary to experi- 
ment. Davy therefore concluded that this imponderable fluid 
called caloric did not exist, but that the motion of the ice molecules 
was increased by the rubbing, and that this increased motion 
revealed itself in the melting of the ice. 

Joule’s Experiments and the First Law of Thermo- 
dynamics,— During the years 1842-1848 Joule [of Manchester] 
made some classical experiments on the relationship between 
mechanical work and heat. He showed that, irrespective of how 
the work was done, the heat generated was directly proportional to 
the work done. If W is the quantity of work done [usually measured 
in ergs], H the amount of heat (calories) produced, the above state- 
ment is expressed by the equation 

W = JH, 

where J is a constant, known as the mechanical equivalent of 
heat. 

Modern work has shown that J =4*184 x 10’ ergs. cal.“^, i.e. 
4*184 X 10’ ergs of work must be developed to produce one calorie. 
In the F.P.S. system of units 1440 ft.-lb. of work are neces- 
sary to raise the temperature of 1 cu. ft. of water I'’ 0. ; this is 
equivalent to 772 ft.-lb. per 1® F. 

Although Joule was the first to make any accurate measurements 
on the relationship between heat and work, the fact that there 
might be a connection was suspected in 1842 by a Gterman physician, 
Mayeb. noticed that the blood in the veins waa brighter in 
colour for persons in tropical lands than elsewhere. He argued 
that the gain in heat by a person in the tropics was greater than that 
in cooler regions; the decomposition of the blood was therefore 
less severe and so it had a brighter colour."^ 

A diagrammatic sketch of Joule’s first apparatus is shoTO in 
Fig. 14*1 (a). The water in a calorimeter A was churned by a 
paddle carrying eight vanes, the mere rotation of the water being 
prevented by four fixed vanes inside the calorimeter— see 
Fig. 14*1 (b): The calorimeter was placed inside a constant tem- 
perature enclosure and supported on three ivory feet. The box- 
wood cylinder 0 acted as a heat insulator between the calorimeter 
and the axis of the paddle. The motion was imparted to the 
paddle by means of two large masses, Mj and M^, capable of descend- 
ing through a fixed distance. These masses were carried by strings 
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fastened to the axles of two large pulleys, BB, mounted on “ friction 
wheels.” 

K mi and m 2 are the masses of the large metallic blocks, and h the 
height of fall, the work done in one descent is (mi + ^ke 

force (mi + i.e. the total weight, acts through a distance A. 
The blocks were allowed to fall n times to produce an appreciable 
rise in temperature of the calorimeter and its contents, so that the 
total work done was w[(mi + = W. The wooden cylinder, 

D, round which the string passed, was attached to the axis of the 
paddle by a taper pin, P, and this was removed to prevent the paddle 
rotating while the masses were being raised. 

K M is the water equivalent of the calorimeter and its contents, 



Fig. 14*1. — Jotde’s Original Apparatus for Determining J. 


6 the observed rise in temperature, the number of calories of heat 
produced is M0 — H, so that 

■y _ W _ njmi + m^gh 
H ““ Me 

In deriving this formula we have assumed that there has been 
no exchange of heat between the calorimeter and its surroundings, 
and that the whole of the energy possessed by the blocks has been 
given to the calorimeter and its contents. Joule made a correor 
tion for the heat exchange by observing the rate of cooling of the 
calorimeter. Another correction is also necessary, for when the 
blocks reached their lowest position they were moving with a certain 
definite velocity — say v—so that their kinetic energy was 
|{mi + This must be subtracted from the total potential 
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energy to obtain the energy imparted to the calorimeter. A f xirther 
correction is necessary for the work spent in overcoming friction 
in the moving parts outside the calorimeter. To estimate this 
Joule discomaected the drum D from the paddle at C and the cord 
from the pulleys was passed round it in such a manner that as one 
block feU the other rose. To produce this motion a small mass ^ 
was placed on one of the masses, it being adjusted so that the motion 
was uniform. The resistance due to friction was therefore fig 
dynes and the total work spent in overcoming it nhfig. The energy 
actually given to the water before any had been lost by radiation, 
etc., was therefore 

+ m2) 

so that the correct equation is 

y n[(mi + niz)(gh — iv^) — jLtgh] 

^ Md^ 

where Oi represents the corrected rise in temperature, i.e. the tem- 
perature rise obtaining in the absence of heat losses. ‘ 

Joule’s Second Apparatus. — ^About thirty years after the above 
experiments had been completed the British Association requested 
Joule to repeat his work because, in the meantime, some experiments 
in which electrical energy had been converted into heat had been made 
and there was a discrepancy of 1 per cent, between the values of J 
obtained by the two methods. In the earlier form of apparatus the 
rise in temperature was only 0‘5'’, and the heat was not generated 
continuously. In addition, the paddles did not experience a steady 
resistance, for it was a maximum when the paddles moved through 
the openings in the fixed vanes. Originally there had been four 
vanes and eight paddles so that these maxima occurred eight times 
per revolution. In the second apparatus, Fig. 14*2 (a), there were 
four vanes and two sets of paddles each with five arms as at (6). 
Consequently there was never more than one paddle passing through 
an opening in the vanes at the same instant, yet such an event 
occurred forty times in each revolution. In consequence of this the 
driving torque was more steady and there was less vibration set up 
in the apparatus. 

The calorimeter, A, was supported so as to be free to rotate with 
the paddle, but such a rotation was prevented by applying a couple. 
For this purpose a fine silk cord passed round a groove on the surface 
ef the calorimeter. This cord passed over two pulleys, BB, and 
carried scale pans, SS, suitably loaded. The motion was obtained 
by means of the hand- wheels, CC, a heavy fl3rwheel, D, being 
attached to the vertical shaft to assist in steadying the motion. 
A conical bearing, E, supported the vertical shaft. After some 
preliminary work Joule found that the friction of the bearings was 
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not constant and so invented the hydraulic supporter, FG, to reduce 
the pressure on the bearing. This consisted of two co-axial vessels, 
F and G, the space between them being filled with such a quantity 
of water that the three uprights attached to the lid of the hollow 
vessel and in contact with the base of the calorimeter just relieved 
the thrust on the bearing. 

In making an experiment the calorimeter was filled with a known 
mass of water and its temperature noted. The thermometer was 



As sA 

(a) L 

Fig. 14*2. — Joule’s Second Apparatus. 


removed and the ^wheels rotated so that the two masses were in 
equilibrium at a distance of one foot from the floor. They were 
maintained in this position for thirty-five minutes, after which 
the paddles were brought to rest and the final temperature re- 
corded. The number of revolutions was counted mechanically. If 
(mi + ma) is the sum of the two masses suspended from the silk 
cord, and r is the radius of the calorimeter, the work done in % 
revolutions is This is equal to JM6, where M is 

the water equivalent of the calorimeter and its contents, and 6 its 
rise in femperature. From these Observations J was calculated. 
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At a later date BowiiAND made an elaborate series of experiments 
using a calorimeter and method similar to the above. The calori- 
meter was rotated mechanically to obtain a large rise in temperature 
in a relatively short time. This diminished the correction for heat 
lost by radiation, etc. — ^in fact, the correction was only one-fiftieth 
of that in Joule’s experiment for the same rise in temperature. 

Laboratory Method for the Determination of J. — The instru- 
ment used, which is based upon the original design by Callendar, is 
illustrated in Fig. 14*3 (a). The principle of operation is as follows 
Mechanical energy is dksipated by means of a special brake rubbing 
on the outside of a rotating brass drum, or calorimeter, containing 
water, and the heat energy developed is deduced from observations 
on the rise in temperature of the water and the water equivalent of 
the calorimeter and its contents. The calorimeter drum. A, is rotated 



about a horizontal axis by means of a driving wheel, B. This wheel 
can be driven either by hand or by a 0*1 h.p. motor through 
suitable reduction gearing. The number of revolutions made by 
the calorimeter drum is automatically recorded by the counter C. 
The brake consists of a silk belt an^anged to form complete turns 
round the drum. Unequal and adjustable masses, and Mj, 
are suspended from the ends of this belt, and are automatically 
maintained in a position of fl.oating equilibrium by a light spring 
balance S acting in opposition to the weight of M 2 -— see Fig. 14*3 (6). 
The extreme flexibility of the belt ensures that the difference between 
the weights of the loads at the two ends of the belt measures the 
friction. The rise in temperature of the water in the calorimeter 
is observed by means of a mercury thermometer inserted through 
an axial opening in the front of the cylinder, "fhe bulb of this 
thermometer is bent round so that it is totally* immersed in the 
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water. To ensmre good results the surface of the drum should he 
kept as smooth and bright as possible and the belt clean and dry. 

The work done, W, is the product of the difference of the weights 
on the two sides multiplied by the number of revolutions and the 
circumference of the drum [ci p. 63], Thus if and are the 
masses of the loads respectively in grams, s the reading of the 
spring balance in gm.-wi}., then the weight on one side is 
while the effective weight on the other is — s)g, since the spring 
balance acts in opposition to the weight of Mg. Hence 

W = 23inr[mi — — a)]gr ergs 

where r is the radius of the drum, and n the number of revolutions. 
If M is the thermal capacity of the calorimeter and its contents, 0 the 
rise in temperature, then H = M0, so that 


27tnr[mi — (m^ 


m 


ergs. cal,"^. 


To apply a coiTection for the heat lost, the initial temperature of 
the water should be two or three degrees below that of the room. 
The drum is set in motion and the instant when the temperature is 
that of the room noted. The duration of the experiment from this 
stage is noted, and the calorimeter then left to cool for the same time 
— ^the drum should be rotated but the band removed so that the 
heat is lost xmder the same conditions as in the actual experiment. 
Let JO be the fall in temperature during this interval. Since the 
mean excess of temperature over the surroundings is half the final 
excess, the rate of loss of heat at the end of the experiment is twice 
the mean rate of loss of heat during the actual experiment. If 
^Ad is added to 0, a correction for the heat lost from the calorimeter 
will be made. Hence 

j 27tnr[mi — (jng — a)]^ 

^ M(e + jzi0) 


In an actual experiment n = 662, 2r — 14-9 cm., = 4265 gm,, 
mg = 202 gm., 5 = 37 gm.-wt. (mean value), M = [300 + (384 
X 0-092)] gm., 0 = 8-6O‘»a, A0 = O*8O"C. [Time 5 mins,] 
Hence 

J[300+ (384 xO-092)] [8-5 + 04]=3*14x 14-9 X 662x4100x981 
/. J = 4-18 X 10’ ergs, cal.’'^ 

Callendar’s Electrical Method of Determining J. — We have 
already described the contmuous-flow method of determining 
specific heats. In that method the value of J was assumed : we 
may now reverse the process and, having defined the mean specific 
heat of water over a range in temperature from 15® C. to 20® C. 
to be 1 cal. gm deg."^ C., proceed to calculate Jt Hitherto only 
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a laboratory form of apparatus has boon described, but, on 
account of the importance of this type of calorimetry both in 
industry and pure science at the present time, the actual calori- 
meter will now be described. 

The electrical method is very advantageous, for the supply of heat 
can be controlled accurately. The method was suggested at an 
early date and even Jottm made measurements in this way [cf. 
p. 800], but at that time the electrical units were not known 
accurately. Joule did not place much reliance upon his results, and 
the fact that there was a discrepancy of 1*5 per cent, between the 
electrical and mechanical methods induced Rowland to perform the 
experiments already mentioned. Jamin determined J by an 
electrical method and detected a variation in the specific heat of 



water : the variation he obtained was twenty times that discovered 
by Regnault. 

GniFriTHS, at a later date, employed an electrical method, and 
diminished the external loss of heat by enclosing the calorimeter 
in a vacuum, but the vacuum he obtained was not exceptionally 
efficient for this purpose. 

Schuster and Ganhok also used an electrical method, hut they 
used mercury thermometers so that their results are open to the 
objections raised against such thermometers. 

In all the above experiments the water equivalent of the calorimeter 
was not always even small ; CaUendar’s steady flow calorimeter. 
Fig. 144, is so used that the water equivalent does not appear at aU 
in the calculations, A steady stream of water passing through a fine 
tube is heated by an electric current through a central conductor. 
The increase in temperature between inflow and outflow was deter- 
mined by a pair of platinum thermometers arranged differentially. 
This enabled the temperature difference to be measured with an 
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accuracy tinattainable with mercury thermometers* To minimize 
the external loss of heat the flow-tube and thermometer pockets 
were sealed in a vacuum jacket. The whole was surrounded by a 
water jacket at a temperature of the inflow so that the exchange 
of heat between the calorimeter and its surroundings occurred under 
constant conditions. The current and potential difference along 
the conductor were measured by a potentiometer method [cf. 
pp. 763, 765]. 

If these are A amperes and V volts respectively, the energy dis- 
sipated per second is VA x 10’ ergs. If m is the mass of water 
flowing per second and 6 the observed rise in temperature the heat 
produced per second is calories. Hence 


== X 1 0’ 
md 


ergs. cal.“*^. 


In this equation we have assumed that the heat lost is zero. The 
actual method of determining this heat loss has already been ex- 
plained [cf. p. 194] : only there we assumed J to find the specific 
heat of a liquid, whereas now we assume the specific heat of water 
to be unity and determine J. The specific heat of water varies 
with the temperature : it is taken to be 1 cal. gm."”^ deg."“^ 0, over 
the range 15°C.-20®C., so that when J is being determined the 
experiment must be made over this range of temperature. The 
great merit of the continuous flow calorimeter is that when once J 
is known the capacity of a liquid for heat over a small temperature 
interval may be determined accurately. By surrounding the calori- 
meter with a water jacket at the temperature of the inflow at these 
higher temperatures, a further advantage was gained~~the actual 
heat lost was made smaller than if the jacket had been at room 
temperature. We have also seen how the method was apphed 
to measure the specific heat of a gas at constant pressure. 

A Simple Hot* Air Engine.— In the experimental determina- 
tions of the mechanical equivalent of heat described above, a 
measured amount of mechanical or electrical energy has been dissi- 
pated and the corresponding amount of heat determined calori- 
metrically, A device whereby heat is converted into mechanical 
energy is termed a heat engine. A simple but nevertheless inter- 
esting form of heat engine may be constructed as follows : A, 
Eig. 14*5j is a silica flask connected to a U -tube of the dimensions 
shown and containing mercury, D is a stop-cook. The air in A 
is heated by means of a bunsen burner. The pressure inside A 
increases so that the mercury is pushed down in one limb of the 
U -tube and raised in the other. D is opened for a fraction of a 
second and then closed. The mercury returns to the equilibrium 
position, but its momentum causes it to overshoot this mark: if 
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the amount of mercury in the U«tube has been properly adjusted 
it will begin to oscillate and continue to do so as long as heat is 
supplied to the air in A. 

The operations which occur are as follows: heat is communi- 
cated to the air so that the pressure inside the apparatus increases. 
When the mercury descends in B and rises in 0, the pressure of the 
air in A is reduced and a certain amount of air jBnds its way into B. 

Here it loses heat to the cooler portions of the apparatus, so 

that the pressure of 
the air is reduced. The | 
air which had been 
driven from A returns, 
and is then heated once 
more : the process con- 
tinues if the period 
of oscillation of the 
mercury in the U-tube 
is correct with regard 
to the rate at which 
heat is taken in and 
Fig. 14*6.— a simple Hot-Air Engine. given out by the air 

in A. 

The characteristic features of a heat engine and those found in 
the above are : (i) the working substance (air) which expands and 
does work when thermal energy is supplied to it, (ii) the source of 
heat, (iii) the sink or cooling arrangement whereby the working 
substance is cooled after it has performed work and returned to 
its original state in the engine so that it may again take part in 
the working of the engine. " | 

Isothermal and Adiabatic Changes. — Graphical Repre- 
sentation of the State of a Substance.— The pressure and 
volume of a gas may be indicated by co-ordinates : if either, or 
both vary, the point representing the state of the gas will trace 
out a curve. This method of representing the state of a substance 
was devised by Watt for the purpose of calculating the work done 
by a steam engine^ In general, as the state of the gas varies the 
temperature will also change, i.e. there must be an exchange of 
thermal energy between the gas and surrounding objects in order 
that its state may change. It may happen that the temperature 
remains constant although the state of the gas varies— such a change 
is said to be isothermal, and the curve representing the relation 
between p and under these conditions is known as an isothermal 
curve. If a gas changes its state in such a way that there is no 
transfer of heat between it and its surroundings, the change is 
termed adiabatic y the curve representing the relation between 
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p and when no heat is supplied to or removed fipom the gas is 
known as an adiabatic. 

Let us examine the two changes more closely. Suppose that the 
gas is contained in a cylinder fitted with a piston. Let us assume 
that the gas is slowly compressed. According to the kinetio theory 
of gases, the temperature of a gas is determined by the mean 
kinetic energy of its molecules. When the piston is moved inwards 
work is done on the gas, i.e. energy is imparted to the gas mole- 
cules so that the temperature of the gas rises. If the rate at which 
work is done on the gas is very slow, there will be an exchange of 
heat between the gas and the walls of the cylinder, and when the 
above rate is infinitely slow the average kinetio energy of the gas 
will remain constant. Such is an isothermal change. 

When the piston is pushed in very rapidly, however, there is no 
exchange of heat between the gas and the walls, so that the tem- 
perature of the gas rises, and although the temperature has increased, 
no heat has been imparted to or abstracted from the gas, i.e. the 
change is adiabatic. ^ 

The equation to an isothermal is = constant, for this is the 
type of expansion governed by Boyle’s Law. It can he proved that 
the equation to an adiabatic is = constant, where y is equal 

c 

to the ratio of the specific heats of the gas, i.e. y = — ^ [cf. p. 198]. 

Work Done by a Gas during Expansion. — Suppose that a 
piston, acted upon by a pressure p from outside moves, without 
friction, fronl A to B, Fig. 14*6 (a), between the walls of a cylinder 



containing gas. Such an expansion will take place when heat is 
supplied to the gas. If the distance through which the piston 
moves is -r and S is the area of the piston, the work done 
by the gas is equal to the force on the piston multiplied by the 
distance through which the point of application of the force moves, 
viz. pS (oja — ajj) = p X change in volume [providing p remains 
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If Av is the change in 


constant, i.e. (Xg — Xi) must be small], 
volume, then the work done is p .Av. _ 

Consi&er now the expansion of a gas along a continuous curve 
AB Big 14-6 (6) : let a and b be two points very close together ra 
the curve while m and are the projections of, these points on OX, 
just as M and X are the projections of A and B. The work done 
during the expansion from m to n is am . mn, since ahnm may be 
regarded as a rectangle when mn is smaH as we have assumed. 
It therefore follows that the total work done durmg the expansion 

from A to B is represented by the area ABNM, i.e. J pav. 


On the Changes in Temperature Produced when a Gas 
suddenly Expands or Contracts. — When agas is allowed to e^aim 
it does work, the kinetic energy of itsmoleculesbeingtherebyreduced, 
i e there is a fall in its temperature, unless heat is supphed from the 
surroundings to the gas. A, Big.- 14-7 {a), is a wide glass tube 



fitted with a rubber' bung through which passes a thermocouple 
comected in series with a high resistance galvanometer, G. A 
smaller tube leads from A to the large bottle B, in which the air 
pressure may be reduced with the aid of a filter pump as indicated. 
C is a stop-cook by means of which the air in A may be shut off 
from that in B, widle D permits the whole apparatus to be fiUed 
with air at atmospheric pressure. 

When the pressure of the air in B has been reduced and the tap 
B closed, 0 is opened— there is a sudden drop in the pressure of 
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the gas in A and the galvanometer is deflected. After a short time 
this deflexion is reduced to zero showing that the temperature of 
the gas has been restored to its original value. To determine 
whether or not the gas was cooled or heated by the expansion, a 
lighted match is held below the thermocouple. The deflexion 
will be in the opposite direction to that cited above, i.e. the expan- 
sion of the gas was accompanied by a drop in temperature. 

To show that there is a heating effect when a gas (air) is suddenly 
compressed a metal tube, P, Eig. 14-7 (6), is attached to the end of 
a bicycle pump. A thermocouple, T, is placed inside this tube and 
connected to a high-resistance galvanometer, G. This thermo- 
element is supported in a rubber bung securely fastened to the 
apparatus so that it shall not be forced out when the pressure inside 
is increased. The pressure of the air in the apparatus is suddenly 
increased by pushing in the piston B, and the deflexion of the 
galvanometer indicates that a heating effect has occurred. 

[A mercury thermometer must not be used in these experiments 
owing to the change in volume of the bulb which takes place when 
the external pressure on it is varied.] 

The Cooling Produced when an Ideal Gas expands Adia- 
batically.— Suppose that 
the initial state of a gas is 
represented by the point ^ 

A, (pii Vi)i on ^ pv dia- 
gram— cf. Fig. 14*8. Let 
the gas expand adiabatic- 
ally to B, (p 2 f V 2 ) ; the 
gas then receives heat 
from the surroundings 
until the pressure be- 0 

comes Pa, the volume Fio, 14-8. 

remaining while the 

temperature is restored to its initial value— its state is represented 
by C on the diagram. 

Since A and B are points on an adiabatic 

But BTi and = RTg, since A and B are on the iso- 

thermals Tj and Tg respectively. 

EHminating the p’s from these equations (we could, of course, 
eliminate the «?’s), we have 

I* 

ft wiMg' 
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Hence, if Tj, and together with y, are known, Tg may be 
calculated and the cooling (Tj — T^) deduced. 

Calculation of J from the Difference between Cp and 
Let unit mass of gas at a pressure dynes cm.^^ and absolute 
temperature Tj occupy a volume Vi cm.®. To raise its temperature 
1° C. requires cals, of heat if the volume remains constant. If 
the gas expands at constant pressure to a volume the work done 
is pii'Vz-'Vi). We shall assume that the necessary energy 
required for this expansion is supplied as heat to the gas, the 
temperature remaining constant. The amount of this heat is 
pxivs — -yi) /J. Now to increase the volume of unit mass of gas jfrom 
Vi to Va at constant pressure the heat necessary is cals. This 
is really what we have just done, only the operation consisted of 
two distinct parts, viz. the gas was heated at constant volume 
and then a further supply of heat added so that its volume 
increased until the pressure had attained its original value. Hence 
(Cp — cals = work done during the expansion from Vi to 



But = RTj, and piVg = R{Ti + 1) 

= E' 

J(Cj, — c,) = R. 

Now for air Cp = 0*2375 cal. gm."^ deg.~^ C., == 0*169 cal. gm."^ 

degr^ C., and since air at S.T.P. has a density 0*00129 gm. cm.**® 

P_ Po^o 70 X 13-59 X 981 . 

To 273 X 0*00129 ‘ 

J = 4-14 X 10*^ ergs. cal.**^. 

In making this calculation we have assumed that no work has 
been necessary to puli "the molecules apart against their mutual 
attractions. To test this point Joule devised the apparatus 
shown in Fig. 14*9 (a). A and B were two copper vessels connected 
together by a pipe fitted with a metal stop-cock of special design 
so that it was air-tight even when subjected to large pressure 
differences. A was filled with air at a pressure of about 22 atmo- 
spheres, while B was exhausted. Both vessels were immersed in 
a large tank of water and when the temperature of the whole had 
reached a steady value, the stop-cock was opened. After thor- 
oughly stirring the water no change in its temperature could be 
detected although the mercury thermometers used read directly 
to O-005'’F. Joule concluded that no internal work was done. 
He then devised a modification of the above experiment and in 
doing so was actually repeating some earlier work by Gay-Lussac, 
although he was probably unaware of this fact. The above appar- 
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atus was inverted and the two copper vessels placed in different 
vessels of water, the thermal capacities of these vessels and their 
contents being known, the stop-cock also being immersed in another 
vessel containing water. When the gas was allowed to expand 
from A to B the temperature of the water round A fell appreciably, 
but this was accompanied by a rise in temperature of the water round 
B. The heat lost in A was very nearly equal to that generated 
in B. The very small inequality between these values vanished 
within the limits of accuracy of the experiment when a correction 
was made for the heat exchange between certain portions of the 
apparatus and their surroundings which we have neglected. 



Fig. 14*9. — (a) Joule’s first Apparatus for Investigating the Internal Work 
done by a Gas during Expansion. (6) Modem Form of Joule’s Second 
Form of the above Apparatus. 


Now the cooling in the first vessel is due to the mechanical energy 
spent by the gas remaining in A in driving out that which has 
passed into B, and the heating in B is due to the work done on the 
gas already in that cylinder as this is compressed by the successive 
portions of gas which enter. 

In the first experiment no mechanical work has been done on 
the whole and in its final state the gas occupies a volume twice 
as great as it did initially, It therefore follows that if there is 
any force of attraction between neighbouring molecules it is exceed- 
ingly small, i.e. the amount of internal work done by a gas during 
expansion is zero within the limits of accuracy of these experiments. 
Later work by Joule and KELvm showed that the internal work 
done when a gas expands is not zero, i.e. there is a definite force 
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of attraction between the molecules of a gas and this is in part 
responsible for the deviations from Boyle's and Charles' Laws 
exhibited by all gases. 

The heating and cooling effects obtained in the second experi- 
ment just described may be shown in the laboratory with the 
aid of the following apparatus It consists of two large thiok-^ 
walled vessels, C and D, Mg. 14*9 (6). Each is fitted with a rubber 
bung through which one Junction of a oopper-constantan thermo- 
couple passes. The other Junctions belonging to each couple are 
placed in narrow glass tubes immersed in water at room tem- 
perature. Gj and Gg are high-resistance galvanometers placed in 
series with each thermocouple and their deflexions serve to measure 
the difference in temperature between the Junctions. Dis exhausted 
and after several minutes, when the temperature is the same at all 
points in and near the apparatus, the stop-cock T is suddenly 
opened. The deflexions of 6i and Gg indicate that cooling and 
heating effects have occurred in C and D respectively. 

Note on Experimental Methods for hnding Cp , — ^In the experi- 
ments described on pp. 199 and 200, there is a flow of gas through 
the calorimeter : there must therefore be a difference in pressure 
between any two sections across the tube through which the gas 
flows. Do the methods therefore really give us values for Cp ? The 
following argument is due to Sbaele. Consider unit mass of gas. 
Let p and v be the pressure and volume respectively, the suffix 1 denoting 
conditions as the gas enters the fiCw tube, the suffix 2 conditions 
when it leaves. Then the work done in forcing the gas into the entrance 
of the tube is PiV^ ; the work done against the atmosphere as the 
gas leaves the tube is P 2 t;g. Let Q, in heat xmits, be the heat given 
to the calorimeter. Then 

4“ internal energy of gas on entering 
= pgVg + internal energy on leaving + heat energy given to calorimeter, 
i.e. Pi^i + ^ 2 "h 

where J is the mechanical equivalent of heat. If the gas is an ideal 
one, PjVi = BTi, and p^v^ ~ BTg, where Ti and Tg are the absolute 
temperatures of the gas entering and leaving the calorimeter, respec- 
tively. Moreover, Eg ~ E^ = Jc«j(Tg — T^), where c® is the specific 
heat of the gas at constant volume. Hence 

Bi(Ti — Tg) == irctj(Tg — T^) 4“ JQ. 

But B =5 J(Cj |7 — 0 ®) 

/, J(c3> — Ct>) (Tj — Tg) == «rc^j(T2 — Tj) 4“ dQ, 



where and ig are the temperatures recorded, i.e. is actually measured 
although the gas is not at a constant pressure during the experiment. 

The Jsothermals for COg.—The relationship between the 
pressure and volume of a vapour is clearly indicated m the classical 
experiments of Andbbws with carbon dioxide. The gas was 
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contained in a tMck-walled glass tube as indicated in Fig. 14*10 (a). 
The part AB was a fine capillary whilst BC was about 2*5 mm. and 
CD about 1 mm. in diameter. The tubes were calibrated by 
measuring the length of a thread of mercury at various positions 
in them and then determining the mass of the mercury used. 
Initially both ends of the tube were open and the gas was passed 
through lor twenty-four hours in the hope that ail traces of air 
would thereby be removed. The upper end of the tube was 
hermetically sealed and its lower end placed under mercury. 
Some gas was expelled from the tube by gently heating it, so 
that when it cooled a peUet of mercury was drawn into the tube. 
To adjust the quantity of 
gas in the tube to any de- 
sired amount the tube with 
its end D still below mercury 
was placed in a vessel con- 
nected to an air pump. 

When the pressure in the 
vessel was reduced some 
carbon dioxide escaped from 
the experimental tube. A 
similar tube was then filled 
with air. The two tubes 
were then enclosed in a 
copper vessel completely 
filled with water. Screw 
plungers in the base of the 
apparatus enabled the 
pressure on the gas to be 
increased. By observing the 
change in volume of the air 
Andrews deduced the pres- 
sure to which the gases were subjected. These calculations were 
made on the assumption that air was an ideal gas. Andrews 
showed that the tubes did not suffer a permanent enlargement 
even when subjected to high internal pressures for some time. 
The whole apparatus was surrounded by a bath so that the ex- 
periments could be repeated at any desired temperature. Fig. 
14*10 (&) shows the general nature of the curves exhibiting the 
relationship between pressure and volume for carbon dioxide at 
different temperatures. 

It will be noticed that when the temperature is high the curves 
approximate to hyberbolse, i.e. the gas behaves as an ideal gas 
approximately. At lower temperatures marked deviations become 
apparent. In the 31*1° C, isothermal a very short portion 
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is horizontal and lor aU iaotliermals below this two sudden breaks 
appeared in each curve. The horizontal portion of the curve for 
31 -1^0. indicated that liquefaction had taken place. The particular 
temperatuio, 31*1 ® C., is termed Hx^ cnUcal temperature for carbon 
dioxide, since at temperatures above this it is impossible to liquefy 
the gas. Strictly speaking, a substance should only be termed a 
gas when it exists at a temperature above its critical temperature. 
At lower temperatures it is a vapour, then a liquid, and finally a 
solid. 

Any substance may therefore be a gas or a vapour ; but a gas 
cannot be changed into a liquid by pressure alone, whereas a 



Fig. 14*10 (6). — ^Isotherms for CO*. 

vapour may be changed into the liquid state at the same tempera- 
ture by increasing the pressure, and during the transformation will 
exist as a saturated vapour in contact with its liquid. 

The above facts are made more striking when the dotted curve 
shown in Fig. 14-10 (6) is drawn. Its left-hand branch is the locus 
of points for which a transformation from liquid to vapour begins, 
when a substance is heated at constant pressure ; its right-hand 
branch is the locus of points at which vaporization is complete. 
These two branches are known as the liquid tine mA vapour line 
respectively, and, together, constitute the so-called border curve* 
These lines meet at C and touch the isothermal for the critical 
temperature at that point. Above C the isothermal for the critical 
temperature indicates the boundary between the two states. When 
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tlae state of a substance is represented by any point rntbin the 
border curve, then that substance exists partly as a saturated 
vapour and partly as a liquid. 

The point G on the above diagram is known as the critical 
point ; the pressure corresponding to this is the critical pressure, 
while the corresponding volume is the critical volume. Here we 
must remind ourselves that the curves we have drawn are for unit 
mass of the substance, so that the critical volume is the volume of 
unit mass of substance at its critical temperature and pressure. 
At the critical point, the densities of the liquid and vapour are 
equal. 

At the point A on the diagram the carbon dioxide exists as an 
unsaturated vapour, whereas at B it is a liquid. By moving from A to 
a point opposite B in a direction parallel to the pressure axis, i.e. by 
heating the substance at constant volume, and then moving to B 
along a line parallel to the volume axis, i.e. by cooHng the substance 
at constant pressure, a transition from the gaseous to the liquid 
state will have been effected without any sudden discontinuity 
of state occurring. 

[The fact that the curves are slightly rounded at those points 
where the whole of the carbon dioxide became liquid probably 
implies that all traces of air had not been removed from the carbon 
dioxide.] 

Determination of the Critical Temperature and Critical 
Pressure of a Substance. — ^By heating a suitable quantity of 
the liquid under investigation in a sealed tube, the critical tempera- 
ture of the substance may be ascertained by observing the tempera- 
ture at which the surface of separation between the liquid and 
its vapour disappears, for when the temperature of a liquid is raised 
its surface tension decreases, the meniscus becomes more flat and 
disappears altogether when the critical point is reached. These 
phenomena, together with others, are observed when some ether, 
placed in a thick-waUed tube — ^the so-called ‘‘ Boyla tube ” — ^is 
heated by placing it above a wire carrying an electric current. 
This method of heating is desirable since the rate at which energy 
is supplied may be controlled easily. The tube AB, Fig. 14*11, 
is supported in a horizontal position between two vertical plates of 
glass which protect the experimenter if the tube should happen 
to explode. The space above the ether contains only the vapour 
of that liquid, so that the pressure inside the apparatus is equal 
to the saturation vapour pressure of ether at the temperature of 
the liquid. When the temperature is raised evaporation takes place 
and the density of the vapour increases while that of the liquid 
decreases. Evaporation proceeds without ebullition as the tem- 
perature is raised until at a definite temperature a striking pheno- 
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menon is witnessed. The meniscus becomes iU-defined and finaUy 
disappears, this stage being accompanied by the formation 
pecuL mist which is far from being f T S 

inside tHe tube is then equal to the critical pressui 
temperature is the critical temperature. At a temperature sh y 
flWe this the tube is fiUed with a homogeneous substance a 
gas When the tube is permitted to cool, a m^t ^ ® 

tube and, spreading from the centre where it is first formed, 
nletely fills the tube. A further slight cool- 
tog causes the mist to vanish ; tjic 
half of the tube is then filled with hcLind, 
the upper containing only the saturated 
vapour of the liquid. 





4 





F„. U.U.-A Bojl. T.l». Sti 

,r,iT,iT,g the Critical Pressure 
of a Liquid. 

The above apparatus does not permit us to deterge the critol 
prSure CaiSabd db la Toue (1822-3) carried out the Mow- 

?ng classical experiment. The apparatus used consisted of a s^^ 

1 X A R m*a 14.-12 filled With mercury from A to -D, tnc Space 

t odftS liquid and it, vapotn, whil. tot 

at>v« B contained ail. From the volnme ot to m 

1 1 wiiVi thp- aid of Boyle’s law> so that the pressure oi 

r ™ att A^e iSo™. Thi li,nid h^ted and 
the nhenomena described above observed. The critical pressure 
for the substance under investigation w^ deduced 

of the air above B when the liquid in A just disappeared. 

The Continuity of State.-In the ordtoa^ process cf 
tion or ehuEition at constant temperature and Pfssure, the^change 
of state from hquid to vapour occurs at the surface separa i g 

all parts of the substance are not simultaneously affected m th 
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same manner. The substance exists in two different forms; liquid 
and vapour in equilibrium with each other at the same temperature 
and pressure, and the whole process is characterized by the fact 
that the state of the substance is not homogeneous at auy stage 
of the process. Let us examine whether or not a change of state 
may be brought about in such a way that the substance is homo- 
geneous at aH stages of the process. 

Suppose that a liquid— say ether— is enclosed in a strong glass 
tube in such a manner that it may be heated at constant pressure. 
Assume that pressure is less than the critical pressure. The 
isothermals will be similar in shape to those shown in Eig. 14*10 (6) 
—only the actual numbers will be different. Let P represent the 
initial state of the substance. Only liquid is present. When heat 
is supplied under the condition that the pressure remains constant, 
the changes which occur are represented on the above diagram 
by a straight line parallel to the volume-axis. Let this line inter- 
sect the border-curve at Q and R. Then at points on this line 
between Q and R both liquid and vapour are present — ^at R the 
substance will exist as vapour only. Suppose the heating is 
continued until a stage represented by the point S on the isothermal 
for the critical temperature is reached. During this stage the 
substance exists wholly as a vapour : when it is heated further 
its temperature is greater than the critical temperature and the 
substance is a gas. 

If the constant pressure under which the heating takes place 
is greater than the critical pressure, suppose the initial state is 
represented by M. When the substance is heated under the 
stipulated conditions, it will exist as a liquid until the point N on 
the critical temperature isothermal is reached — ^it will then vapour- 
ize without any separation into two coexisting states occurring, 
i.e. there will have been no breach of homogeneity. In this way 
the transformation from liquid to gas, i.e. a vapour above the 
critical temperature for the particular substance investigated, 
may be effected by a continuous process without any breach of 
homogeneity. Theoretically, it is therefore possible to include both 
the Hquid and vapour states in a single characteristic equation 
connecting the variables, p, v, and T, this equation represents 
an isothermal on a pv diagram for any given value of T. 

An interesting series of transformations may be effected as 
follows : Suppose we begin with a saturated vapour corresponding 
to the point a Fig. 14*10 (c). By supplying heat and varying the 
pressure the point ^ may be reached. If the substance is then 
cooled at constant pressure to y, it will have passed without ever 
existing in two different states simultaneously into a liquid. By 
releasing the pressure and abstracting beat, a point S on tbe original 
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isothermal may he reached. The substance is still liquid, but 
any addition of heat at constant pressure causes some vapour to 
appear. 

The Liquefaction of Gases. — When the temperature or volume 
of an uiisaturated vapour is reduced sufficiently the vapour becomes 
saturated, and if the reduction is continued some of the vapour 
will condense. About 182S Eabadax succeeded in liquef3ring a 

number of gases. Ail the so- 
called gases are really un- 
saturated vapours which may 
be liquefied by lowering the 
temperature and increasing 
the pressure to which they 
are subjected. To liquefy 
chlorine, for example, use is 
made of the fact that charcoal 
absorbs a large amount of this 
gas. A quantity of charcoal 
is saturated with chlorine and 
placed in one arm of a bent 
glass tube which is then closed 
at both ends and the other 
limb placed in a freezing mix- 
ture. When the charcoal is 
warmed gently, chlorine is 
evolved, and, when the pres- 
sure inside the apparatus is 
about 2 atmospheres, liquid 
chlorine appears in the cold 
limb. 

While experimenting with 
carbon dioxide Anbbews, as 
we have seen, discovered that 
it was impossible to liquefy 
this gas unless the temperature 
was below 31T° C. however 
much the pressure was in- 
, creased. It is found that all 
gases behave in this way, i.e. 
they cannot be liquefied unless they first cooled below their 
critical temperatures. a long ‘ time helium resisted all 

attempts to liquefy it and it was not until it was cooled to below 
•— 268® C. (its critical temperature) that liquid helium was obtained. 
By the rapid evaporation of liquid helium under reduced pressure 
a temperature of 1®K. has been obtained by OHkES. In 1934, 



Fig. 


14’ 13.— Linde’s Apparatus tor 
Liquefying Gases. 
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F. SiMOK, by a method depending on the demagnetization of a 
solid salt, reached a temperature of 0*1® K. 

Lihde’s apparatus for the liquefaction of air is shown diagram- 
matically in Fig, 14*13, On the upstroke of a piston B air is 
drawn over caustic soda contained in A so that the air is partly 
dry and free from carbon dioxide. On the down stroke of the 
piston this air is forced into C where it is again .compressed and 
passes through a tower D containing calcium chloride to remove 
the last traces of water. When the valve E is opened this air 
expands and cools itself. The cooled air passes back to C and the 
process is repeated. After a short time liquid air collects in the 
chamber below E and when the valve F is opened this may be 
run into the lower chamber. When the valve 6 is opened the 
liquid air passes into a Dewar flask L. Some of the liquid air in 
the lower chaipber evaporates and escapes at H. This cold air 
passes through the jacket K and helps to cool the air under pressure. 

EXAMPLES XIV 

1. — -An engine consumes 64 lb. of coal, the calorific value of which is 
such that when 1 lb. is burnt, 17-2 lb, of water at 100° C. can be con- 
verted into steam at the same temperature. The engine does 240 x 10® 
ft.-lb. of work. What percentage of the heat is wasted ? [J = 1400 
lb. deg. 0. imits when the heat required to raise the temperature of 
lib. of water 1° C. is the unit.] 

2. — -A lead bullet at 15° C. strikes a target. If the lead is all just 
melted (325® 0.), its specific heat being 0-031 cal. gm.-“^ deg.~‘ C., and 
its heat of fusion 5 cal. gm. - ^ determine the velocity with which the 
bullet hits the target. [ J = 4-18 x 10^ ergs, cal.-^.] 

3. — ^Describe a method for determining the mechanical equivalent of 
heat. Obtain an expression for the velocity with which a hailstone 
must strike the ground in order that, if three-quarters of its kinetic 
energy were converted into heat in the hailstone, one half of it would 
be melted. 

4. — -Calculate the diflterence in temperature between the water at 
the top and bottom of a waterfall assuming that 15 per cent, of the 
energy of fall is spent in heating the water which falls 25 metres. 

5. — Draw a series of isothermal curves to show; the relation between 
p and t? at di&rent temperatures for such a substance as COa. Point 
out from your diagram the distinction between a gas and B>mpov/r and 
the meaning of critical temperatufe. Describe an apparatus by means 
of which the necessary data for drawing such curves may be obtained. 
(L.’3L) 

6. — Explain two methods of producing low temperatures. 

7. -—Some ether is enclosed in a strong glass tube in such a manner 
that it can be heated at constant pressure. Describe and explain the 
phenomena which you would expect to occur when the ether is gradually 
heated to a temperature above its critical temperature, (a) if the pressure 
is less than the critical pressure, (6) if the pressure is greater than the 
critical pressure. Illustrate your answer by reference to a diagram of 
a series of isothermal curves for different temperatures. 

I.J?. 
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THE TRANSFERENCE OF HEAT— CONDUCTION 
AND CONVECTION 

Conduction, Convection, Radiation.— Heat may be propa- 
gated from one point to another by three processes : (a) condnotion, 
(6) convection, (c) radiation. In the processes of conduction and 
convection the molecules of the intervening matter are responsible 
for the transmission of the heat energy ; according to the kinetic 
theory, the ultimate particles, or molecules, of a body are endowed 
with an ever-changing motion which becomes more vigorous as 
the temperature rises. In the process of conduction the molecules 
in the immediate vicinity of the source of heat become more vigorous, 
and impart energy by collision to their neighbours. These, in their 
turn, affect the next layer of molecules, and so the temperature 
tends to rise at all points in the conducting medium : it must be 
noted that the molecules of the body do not move along the body, 
but simply move about their mean positions. In the process of 
convection the heated molecules travel through the substance 
carrjdng their thermal energy with them, until it is lost by frequent 
encounters with more slowly moving molecules. 

On the other hand, heat can be radiated through a vacuum 
(heat comes to us from the sun), a fact which at once proves that 
molecules of matter are not necessary for the transmission of heat 
by radiation. A heated body is a source of heat rays and these 
are propagated through space : when they impinge upon matter 
the molecules of that substance are excited, become more vigorous 
in their movement, and so there is an increase in temperature. 

Moreover, while the process of heat transfer by conduction or 
convection is comparatively slow, radiant energy travels through 
space with the velocity of light; in bodies transparent to heat 
radiations, the velocity is somewhat less. 

The Davy lamp, for use in mines, is a device for diminishing 
the risks of an explosion in the presence of combustible gases. Its 
success depends upon the fact that metals are good conductors 
of heat. Suppose a piece of metallic gauze is placed over a bunsen 
burner, the gas supply tap being turned on ; if the gas is lighted 
by means of a match placed above the gauze the flame is unable 
to penetrate below the latter. The reason for this is that before 
combustion of a gas can occur a certain minimum temperature is 
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necessary; the gauze is such a good conductor of heat that the 
temperature of the gas underneath the gauze is always below this 
minimum value and is therefore not ignited. In the Davy lamp 
a wire gauze separates the flame from the out8i<ft atmosphere, 
and so even in the presence of fire-damp the flame does not ignite 
the mine gases, because the temper- 
ature outside the lamp is below the 
critical one for combustion to take 
place. In the more modern forms 
of this lamp, Fig. 15*1, the wire 
gauze is arranged above the flame, 
the flame itself being surrounded by 
a glass cylinder to increase the illu- 
minating power of the lamp. In 
addition, this more modem lamp 
may be used under conditions of 
greater danger, for, whereas the flame 
in the old lamp was forced through 
the meshes of the gauze when placed 
in an air current moving with a 
velocity of 5 ft. per second, the new 
pattern is safe even when the air Davy Safety Lamp, 

velocity is "30 ft. per second. 

The process of convection is utilized in the production of a hot- 
water supply for domestic and other uses — ^Pig. 15'2. The essential 



parts are the hot- water cistern 0 and the boiler B, this latter being 
at a level below C. The hot water in B, having a lower density 
at higher temperatures, rises by way of the pipe E into C, its place 
being taken by cold water from C which enters B through the pipe 
P. As a result of this continuous process the water |ba the system 
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becomes heated. The tube H leads to the hot water taps, which 
must be below the tank D, which is a source of cold water. K is 
a float which falls when water is withdrawn from the system, thus 
permitting th^valve L to open and water to enter through it. As 
the water enters so does K. rise again until L is closed. The pipe 
G is a safety device which allows water to be forced through it, should 
it happen that the water boils. 

The Sunvalve. — ^As an example of the use of radiant energy in 
operating a mechanical device let us consider the action of a sun- 
valve, which is used to control the supply of acetylene gas to 
beacon lights, etc., round the coast. It could properly be called 
a light valve, since it does not depend upon direct sunshine for its 
action, but only upon the degree of natural light prevafling. The 
principle underlying its operation is that a dull black or non-reflect- 
ing surface will become appreciably higher in temperature than a 
bright surface, when both are simultaneously exposed to light; 
though the temperature will become equal in the absence of aU 
light. In the actual instrument the central cylinder is coated with 
lamp-black. Three gold-plated rods are arranged at intervals of 
120® round this central column but at a little distance from it. The 
lower end of the central cylinder is provided with a needle-point 
bearing upon a pivoted horizontal steel tongue, which closes the 
gas outlet after the sunvalve has been exposed to daylight. After 
sunset the temperature of the valve becomes uniform, the centre 
cylinder contracts, the decrease in length being magnified by means 
of levers, and the gas outlet is opened. The great advantage 
of this instrument is that it is unaffected by climatic conditions, 
since applied heat or cold merely raises or lowers the temperature 
of the instrument as a whole, and does not occasion any relative 
displacement, as light does. A pilot light ensures that the combus- 
tion takes place when the valve is opened. 

Thermal Conductivity,— It is a matter of everyday experience 
that some substances conduct heat more readily than others— 
silver is such a good conductor that the handle of a silver teapot 
must be insulated from the body by means of a poor conductor 
such as ebonite. Glass is such a poor conductor of heat that if 
hot water or milk is poured into a thick- walled or badly annealed 
glass vessel, the latter invariably cracks. TMs is because the 
heated portions of the glass expand and thereby produce strains 
in the glass which ultimately lead to fracture. Dewar vessels are 
double-walled glass vessels, the intervening space being a vacuum : 
a vacuum is the worst conductor of heat and, as a consequence, 
liquids placed inside the central vessel maintain their temperature 
for a considerable time — cf. p. 320. 

Balsa wood, OcT^roma Lagopus^ is a very poor conductor of heat ; 
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at the same time it is exceptionally light, its density being only 
6 lb. ft."®, whereas that of mahogany is 45 lb. ft."®. This wood 
which is giwn in Central America is utilized for the cold storage 
of fruit on ships. The poor conductivity of the medium helps in 
the maintenance of a low temperature, whilst its low density makes 
the freightage less. Another very poor conductor of heat is a form 
of rubber known as expanded ” rubber. Its density is about 
11 lb- ft.~® and it is an almost ideal badly conducting substance ; 
its low conductivity arises from the fact that it consists of a very 
large number of minute cells all of which are fQled with air. 

To define thermal conductivity ” let us consider the flow of 
heat across two normal sections, at a distance d apart, in a weU- 
lagged bar of uniform cross-sectional area A. If and 63 
are the temperatures at the above sections, the fall , in temperature 

a G 

per unit distance between them is Experiment shows 

Ob 

that where Q is the quantity of heat flowing per second across 

A , , 

/9 n 

each of the above sections, is directly proportional to 


Q 0 

i.e. 3 where k is a constant termed the thermal 

A d 

conductivity of the material. Hence k is numerically equal to the 
amount of heat which flows per second across unit area of a plate 
of unit thickness when the temperature difference between the 
opposite faces is one degree. 

If H is the quantity of heat passing in t seconds, we have 

K is usually expressed in cal. cm."^ sec."^ deg."^ 0 . 

Since the bar is- well-lagged Q is constant for each normal section 
of the bar, so that the fall in temperature per unit distance along 
it is constant if k is a constant. Experimentally, therefore, when 
such conditions have been established, it suffices to measure the 
temperatures at any two sections at a known distance apart in 
order to find k when Q and A are known. If, however, heat escapes 
from the sides of the bar, the fall in temperature per unit distance 
along it is not constant, and the determination of /c becomes more 
difficult. 

Searle’s Apparatus for Determining the Thermal Con- 
ductivity of Copper. — ^THs apparatus, shown in Fig. 15*3, may 
be used to determine the thermal conductivity of very good con- 
ductors of heat, such as silver and copper. In the latter instance 
it consists of a bar of copper 5 cm. in diameter and 40 cm. long, 
fitted at one end with a steam chamber A and at the other with 
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a cooling chamber C* A copious supply of steam is passed into A 
through the wide tube B, and the water formed from the con- 
densed steam passes back into the boiler without interrupting the 
flow of steam. A steady stream of cold water is passed through 
C via the inlet D and the exit E, and this water is caused to cir- 
culate round the bar by means of a copper spiral whose coils have 
a thickness equal to the distance between the bar and the outside 
walls of C ; the coil is extended so that the water passes freely. 
The apparatus is enclosed in a wooden box lined with felt. When 
steam is circulated through A the water flowing through C becomes 



Fig. 15‘3. — Searle’s Apparatias for Determining tlie Thermal Conductivity of # 

Copper. 

heated, so that the heat passing along the bar in a given time is 
determined by finding the mass of water flowing in the same time 
and observing the rise in temperature of the water by means of 
the thermometers Tg and T 4 . This quantity will be equal to the 
heat entering the bar from the steam chamber in the same time 
providing that no heat escapes from the sides of the bar. The 
amount of heat lost from bars of good thermal conductivity is 
small and in the present instance it is further reduced by sur- 
rounding the bar with a badly-conducting substance, so that when 
steady conditions have been attained the amount of heat escaping 
from the sides of the bar is negHgibly small. 

To measure the temperature gradient along the bar, two ther- 
mometers, Ti and T^, are inserted into small holes drilled in the 
bar at a distance apart of 10 cm. These holes should not extend 


CONDUCTION AND CONVECTION 


279 


to the centre of the bar, for if they do the uniform flow of heat 
in the bar will be disturbed just at those points where the absence 
of any such disturbance is essential. To reduce this violation of 
uniform flow of heat along the bar, it is provided with small 
copper pieces H and K which are soldered to the bar and which 
extend beyond the sides of the bar so that the bulbs of the ther- 
mometers are completely surrounded by metal and also so that 
narrow ebonite tubes may be fixed to them. These permit the 
thermometers to be inserted into their respective positions. In 
this way the temperatures of the sections through H and K are 
found without disturbing the heat flow seriously. If the readings 
of the thermometers T are denoted by 6 with appropriate suffixes, 
and d is the distance apart of Tj and Tg, the temperature gradient 
in the bar is (fij — d, providing that the surfaces of uniform 
temperature in the bar are at right angles to its axis. It is to 
attain this condition that in the apparatus here shown, the dis- 
tances between T^ and A, and between and C, have been doubled 
in comparison with the usual dimensions found in this apparatus, 
so that any want of uniformity in the temperature distribution 
near A will not aSect the flow of heat in the region where the 
temperatures are observed. 

If m is the mass of water flowing per second, the heat passing 
along the bar in this time is ni{dz ^i) == Q- 

j = K (fall in temperature per unit distance along the bar), 

Jx 

where k is the thermal conductivity .of the material of the bar, 
and A the cross-sectional area. Hence 

in(0j — 6i) , (01 — 0*) 

A — K 2 ~ 

so that /c may be determined. 

The above theory further assumes that the indications of the 
thermometers are correct. To allow for any serious departure 
from this, T j and Tg are placed in a bath at temperature 02 and 
with approximately the same lengths of column exposed as in the 
actual experiment. If Ti then reads (j)^, the corrected temperature 
gradient is { 6 i •— ; similarly, if Tg reads <^4 when Tj and T4 

are in a bath at temperature 04, the corrected rise in temperature 
of the water is (63 •— ^4). 

The Thermal Conductivity of the Material of a Bar— 
Forbes’ Method.— The material whose thermal conductivity is 
required is in the form of a bar about one metre long. 
The bar is curved at one end and this portion dips into a crucible 
containing molten lead or solder. Fig. 15 - 4 . When this has 
melted, the gas flame is lowered and the temperature main- 

f ■ ■ 
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Fig. 15 4 :. — ^Forbes’ Bar Apparatus. 
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tained at the melting-point of the metal by adding small pieces 
of the latter. Thermometers are inserted into holes drilled 
at various distances along the bar. These holes are filled with 

mercury (or fusible 
alloy — ^Wood'a metal— 
at the hotter end of 
the bar on account of 
the high vapour- 
pressure of mercury at 
such temperatures) to 
improve the thermal 
Contact between the bar 
and the thermometers. 
This portion of the bar 
is protected from radiation from the hot bath by a suitable screen. 
Let us fix our attention on that portion of the bar between the 
points A and B. Heat is conducted through the hotter end A 
to this portion AB : part of this heat will be lost by conduction 
through the end B, part will be emitted from the surface of the bar, 
and in the initial stages of the experiment the remaining fraction 
of the heat entering the bar will be utilized in raising the tempera- 
ture of AB. Eventually, however, a steady state is reached when 
the temperature no longer 
increases. When this 
happens the whole of the 
heat passing any cross- 
section of the bar in a 
given time is equal to the 
heat lost in the same time 
from the whole of the 
surface lying beyond the 
particular section con- 
sidered. 

When this state has 
been reached the tem- 
peratures of the thermo- 
meters are recorded and a curve showing the distribution of tempera- 
ture along the bar is constructed (Kg. 15'5). If the tangent OD at 
a point C on this curve is drawn, the slope of this line gives the 
temperature gradient at a point in the bar corresponding to C. 
The thermal conductivity k mp,y then be calculated if the quantity 
of heat passing across the section at C per second can be estimated. 

To do this a short piece of material having the same cross-section 
as the bar is heated to a temperature somewhat in excess of that 
of any portion of the bar on the side of the screen remote form 
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the bath. This is then allowed to cool and a cooling onrve con- 
structed. The slope of this curve is a measure of the rate at which 
heat is lost from any portion of the bar when at the temperature 
coiTesponding to the point where the slope is measured. To 
calculate the heat lost by the bar in the static experiment the bar 
is imagined to be divided into short elements of the same length 
as the bar used in the second or dynamic experiment. The mean 
temperature of each such element having been ascertained from 
the curve in Fig. 15*5 the loss of heat from each is computed. The 
total heat radiated from the bar beyond C is therefore known, for 
it is equal to the sum of the heats lost by each element beyond that 
point. 

Distribution of Temperature along Lagged and Unlagged 
Bars heated at One End and in the Steady State.— We shall 
assume that the bars have constant cross-sectional areas and that 
the thermal conductivities of their materials are constant. Con- 
sider the equation 

9 ~ ^ where ^ is the temperature gradient in the bar. 

If the bar is Jagged, so that no heat escapes from the sides of the 
bar, it follows that the tem- 
perature gradient in the 
bar is constant and nega- 
tive. The temperature dis- 
tribution along the bar is 
therefore a linear one, the 
temperature falling as one 
recedes from the heated 
end of the bar — see AB, 

Fig. 15-6. 

If, however, the bar is not 
lagged, but the steady state has been reached, a portion of the 
heat passing across any cross-section of the bar is lost from the 
sides, so that as we proceed alongthe bar away from the heated end 
smaller and smaller amounts of heat traverse consecutive sections. 

dJB 

It follows that the numerical magnitude of ^ becomes less and 



less— the temperature distribution being as in AC, Fig. 15*6. 

[Before the steady state is reached the distribution is never a 
linear one, the temperature at any point always being less than 
the temperature at that point when the steady state has been 
reached, whether or n^t the bar is lagged.] 

The Comparison of Thermal Conductivities. — ^Ingbn Hausz 
is responsible for the following approximate method of comparing 
the thermal conductivities of two metals — say copper and bismuth. 
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A, Mg. 15*7, is a metal tank in wMch water is kept boiling by an 
electric heater. B and 0 are rods of bismuth and copper, respect- 
ively, each 20 cm. long and 1 cm. in diameter. Both rods are 
electroplated and highly polished so that they shall lose heat at 
the same rate under the same conditions. Small lead shot are 
attached by means of paraffin wax at a regular distance apart to 
the under side of each bar. To obtain as much information as 
possible from this experiment it is advisable to arrange everything 
in position and then pour boiling water into A, which is kept boiling 
by the energy dissipated m the heating coil. As heat is conducted 
along the rods the wax melts and some of the shot fall off. It will 

be found that the shot 
become detached from 
the bismuth first, but 
this does not prove that 
the thermal conduc- 
tivity of bismuth is 
greater than that of 
copper. The reason for 
this is that during the 
initial stages of the 
heat-flow along the rods the rate of rise in temperature depends 
not only on the thermal conductivity of the specimen but also on 
its thermal capacity, so that if the thermal capacity is small the 
initial rise in temperature of a poor conductor may be greater than 
that of a good conductor having a high thermal capacity. 

The steady state eventually reached in this experiment occurs 
when the heat flowing across any section of the bar is equal to the 
amount emitted from the surface of the bar beyond that section. 
If the emissivities of the surfaces of the two bars are identical it 
can be shown that if and thermal conductivities of the 

two metals and and the distances from the hot end to the 
point where the wax just melts, then 

^ ^ 

As arranged above, and ig are proportional to the number of 
shot which fall from each bar respectively. 

The Thermal Conductivity of Mercury— Berget’s Method, 
—The guard-ring method was applied by Beeget with considerable 
success to determine the thermal conductivity of mercury. His 
apparatus is shown in Mg. 15*8. AB is a glass tube surrounded by 
a wider tube, CD, Each is filled with mercury to the same level 
as indicated, the mercury in the outer tube serving as a guard-ring, 
i.e. this mercury prevents the loss of heat by lateral radiation 
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Mo. 16*7. — ^Ingen Hausz’s Apparatus. 
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so that the mercury in AB may be regarded as part of an infinite 
waU of mercury with its upper and lower faces at constant tem- 
peratures. To measure the heat passing down the column AB 
a Bunsen ice calorimeter was used. The column AB protruded into 
the central part of this instrument. The mercury guard-ring rested 
on an iron plate, P, while the calorimeter was surrounded by melting 
ice. The mercury was heated by passing steam through the tubes 
shown at the top of the diagram. In the final experiments made 
by Berget, the tubes through which the steam entered were almost 
in contact with the 
mercury surface and 
the supply was 
sufficiently rapid to 
blow to one side the 
water formed from 
the condensed steam. 

In this way the tem- 
perature of the upper 
surface was main- 
tained at that of the 
steam. 

If the thermal con- 
ductivity of mercury 
is independent of the 
temperature, there 
will be a linear dis- 
tribution of tempera- 
ture along AB. This 
was investigated by 
means of thermo- 
couples arranged as 
shown. Throng h 
small holes in the 
glass tubes iron wires 
covered with rubber 
were introduced, only 
the extremities of the wires being bare and in contact with the 
mercury. Any two of these wires and the mercury between them 
constituted a thermocouple. Berget found that the distribution 
of temperature along AB was linear and from the known dimen- 
sions of the apparatus calculated the heat conductivity of mercury. 
He obtained a value 0-0202 cal. cm.""! sec."*^ deg.““^ C. 

The results obtainable with this apparatus cannot be considered 
very accurate, since the conditions at the lower end of the guard- 
ring are not identical with those at the lower end of the column 



Fig. 15*8.—- Berget’s Apparatus for Determimug 
the Thermal Conductivity of Mercury, 
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AB, for here the temperature cannot be 0® 0., and an essential 
feature of a satisfactory guard-ring is that the conditions at its ends 
near to the ends of the column which is “ guarded ” shall be iden- 
tical with those at the ends of the above column. 

It is interesting to note that Berget calculated what was the 
temperature of the upper surface of the mercury jfrom the tem- 
perature gradient measured in the mercury column. In two 
experiments he found this to be 99-8® C. and 100*0® C. when the 
steam temperatme deduced from the reading of the barometer 
was 100*1® 0. and 100*4® C. The method of heating the mercury 
must therefore be considered satisfactory. 

Callendar's Method for Rock Specimens and other badly 
conducting Substances. — ^The apparatus is shown in Pig. 15*9 

and consists essentially of a 
heating coil B placed inside a 
gun-metal box about 5 in. 
square in section. D is the 
rock specimen, also 5 in. 
square in section and 2 in. 
thick, resting on top of the 
gun-metal box. On top of 
D is another square metal 
chamber, E, through which 
a rapid stream of cold water 
is passed. Ti and Tj are 
two thermocouples serving 
to measure the temperatures 
di and dj at the faces of the 
specimen. These are in- 
sulated from B and E by very thin pieces of mica « 0*001 in,)r 
A little paraffin wax is placed on each face of the rock and the 
apparatus raised to such a temperature that the wax melts when 
it is placed between clamps and pressed together so that, when 
cold, the wax, although only about 0*001 in. thick, serves to 
make the apparatus rigid. The portions Dj and Ei of the 
apparatus are identical with D and E. The energy dissipated per 
second in the heater is VA X 10^ ergs, where V is the poten- 
tial difference in volts across the coil and A the current through it 
in amperes. Since the apparatus is. symmetrical about B, one 
half of this heat passes through each specimen when conditions 
have become steady, if we neglect the small quantity of heat lost 
by radiation, etc. The thermal conductivity k is determiued 
from the equation 

VAX 10^ 

2JS d 
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where S is the cross-sectional area of the block and J the mechanical 
equivalent of heat in ergs per calorie. 

Since the diameters of the wires constituting the thermocouples 
were less than 0*001 in. d was taken as the thickness of the 
specimen. It is necessary to have a rapid stream of water 
through E and Ei, and, in consequence, a very small rise in its 
temperature, so that the temperatures of the outer faces of the 
specimen shall be uniform. Steady conditions are attained in two 
hours. 

Lees’ Disc Apparatus. — ^The thermal conductivity of a badly- 
conducting substance available in the form of a disc about 2 mm. 
thick may be determined by a method due to Lees. A simple 
form of this apparatus is shown in Eig. 15*10. A cylindrical slab 
of polished brass, A, is suspended in a horizontal position from a 
large metal ring supported by a retort stand. Upon this rests a 
hollow cylinder, B, of the same diameter and provided with inlet 
and outlet tubes X and Y respectively. The base of this cylinder 
is similar to A. Mercury thermometers, T^ and Tj, are inserted 
in holes bored radially in the 
base of B and in A respectively. 

A thin slab of the material 
under investigation— say ebo- 
nit^is inserted between A and 
B so that the space between 
the metal plates is completely 
filled with it. The metal part 
of the apparatus is nickel-plated 
to secure a uniform surface 
emissivity. 

The hollow cylinder is first raised so that it is not close to A 
and a copious supply of steam passed through B. While the steam 
is still passing B is lowered on to the disc and the readings of the 
thermometers noted at half-minute intervals. Heat is conducted 
across the ebonite to A at a rate which slowly diminishes since the 
temperature difference between A and B decreases; When the 
temperature recorded by Tj is about 70® C., the hollow cylinder 
is raised, the ebonite removed, and a cooling curve for the lower 
disc A obtained in the usual way. If we assume that all the heat 
passing into and through the ebonite disc is utilized in raising 
the temperature of the metal cylinder below it or radiated from 
the exposed surface of the cylinder, we may calculate the thermal 
conductivity of the ebonite as follows : 

Plot the heating and cooling curves for the lower cylinder and 
draw tangents to the curves at points having equal temperature 
oo-ordinates. If a and ^ are the slopes the tangents to the heating 
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and cooling onrves make respectively with the time axis, we have, 


T . of M 


(Bi fla) 

• d 


where k — thermal conductivity of ebonite, 

A — cross-sectional area of ebonite disc, 
d ==: thickness of ebonite, 
f — radius of metal cylinder, 
m = mass of metal cylinder, 

25 thickness of metal cylinder, 

^ = specific heat of metal, 

01 = temperature of upper surface of ebonite at instant 
considered, 

= temperatxue of the lower surface of ebonite and is that 
temperature at which the tangents have been drawn. 

The expression in square brackets is the heat passing per second 
through the ebonite, while the expression in round brackets is the 
ratio of the exposed surface of the metal cylinder in the actual 
experiment to that in the cooling experiment. Although this cor- 
rection is applied it can only be approximate since in the cooling 
experiment more heat will be lost from the upper surface than 
from the lower. 

Another uncertainty in the above expression arises from the fact 
that we have tacitly assumed that no heat is utilized in raismg 
the temperature of the ebonite or radiated from its surface; but 
since the ebonite is thin and has a small thermal capacity com- 
pared with that of the metal cylinder this correction is sma.ll. 

The above method of carrying out this experiment enables several 
values of k to be determined from one set of observations ; the 
following method, in which it is true that steady conditions are 
reached, so that no heat is spent in raising the temperature of the 
disc or cylinder but all is lost from the surfaces, possesses the 
disadvantage that only one estimate for /c can be made. 

The heating is continued until steady conditions have been 
obtained. Then if and <^2 a^re the temperatures of the faces of 
the ebonite of thiclmess d, we have ^ 

Q ^{ 4*1 ^a) 

.A d ;■ 

where Q is the heat passing per second through the disc and also 
radiated from the surface of the cylinder in the same time. This 
is msJ, where J is the rate of cooling when steady conditions have 
been obtained. To deterniine 4 the ebonite is .removed, and the 
heating continued so that the temperature of the lower cylinder 
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is raised above ^2 5 beater is then removed and a cooling 
curve constructed. Then, if y is tbe rate of cooling at <5^2? we have 
/I — . r _ Fr + ^^'l 
^ 27trzJ + 

as before, so that k may be found. In this method any uncertainty 
in the relation between A and y affects Q to the same extent, so 
that the first method is preferable. Hence 
— ^y(r + 2g) d 
^ ^ OT^(2r 4- 2zy(<Pi — 92 ) 

Thermal Conductivity of Glass or Porcelain. — ^When the 
material under examination is a badly conducting substance, obtain- 



able in the form of a tube, the following method is useful. The tube 
AB, Fig, 15*H, is surrounded by a wider tube through which steam 
is passed, the steam entering at E and escaping at D. A steady 
stream of water (obtained in the manner indicated) enters the tube 
at F and finds an exit at 6, the initial and final temperatures being 
recorded by the thermometers Tj and Tg. The T-pieces which 
enable these thermometers to be inserted in the water easily are 
jacketed with cotton wool so that the heat-content of the water 
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at these two points shall be invariable. A narrow copper rod 0 
is wound with a piece of rubber in the form of a ver open spiral 
so that the temperature at any particular cross-section of the flow 
shall be uniform. The flow of water is adj usted so that the difference 
in temperature between Ti and is about 10® 0., otherwise air 
bubbles wiU be expelled from the water and vitiate the conditions 
for steady flow: even if recently boiled distilled water is being 
used and no air bubbles are formed it is inadvisable for the rise 
in temperature to be much greater owing to the large heat losses 
which would accrue. 

Steady conditions having been established, the temperatures are 
recorded and the mass of water flowing per second deduced by 
observing the time in which a definite quantity of water is collected 
in a weighed conical flask. Let M be the mass of water flowing 
per second, 6i and 6% the initial and final temperatures of this water. 
Then M (0* — 0i) is the quantity of heat passing per second through 
every co-axial cylindrical element of the tube. K Z is the length 
of the tube, taken from the centre of one cork to the other, since 
we are uncertain regarding the effective length of the tube, fj 
and ra its internal and external radii respectively, Z® the temperature 
of the steam, and = |[0i + Sg] i^he mean temperature of the 
inside wall of the tube, then (fa — r j) is the thickness and 
27t X ^ (^ 1 + fg) X I the mean area of the material through which 
heat is flowing. The thermal conductivity is therefore given by 
the equation 

n{rx + r^)l 

Before the steam is passed the readings of the thermometers are 
recorded — ^in general they will not be equal because no two mercury 
thermometers (at least the cheap ones found in laboratories) are 
consistent — and the correction to be applied to one of them in 
order to make its indication agree with that of the other is deduced. 
Steam is now passed, the rea^ngs^ of the two thermometers again 
being observed— the correction is applied to one of them and the 
true difference calculated — ^thus :— 

Initial readings of the two thermometers X and Y are respectively 
18-1® C. and 20-2® G. 

A the correction to. be applied to Y is — 2-1® 0. 

Krial readings of the two thermometers are 18*5® C. and 26d® C. 
respectively. 

True final reading of Y is 24*0® C., so that the rise in tempera- 
ture is 24*0 - 18*5 = 5*5® 0. 

A Guard Ring Method of determining the Thermal Con- 
ductivity of a Badly Conducting Substance. — ^The hot plate 
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m this apparatus consists of two large copper plates with a resist- 
ance coil sandwiched between them. This is called the central 
hot plate. The coil is insulated from the plates by mica or micanite. 
The guard-ring consists of an outer plate similar in construction 
to the above, but provided with an aperture into which the 
central hot plate may be inserted. There is a small clearance 
between the two plates. The surfaces of the plates are cOplanar. 
The function of the guard-ring is to eliminate edge effects and 
ensure that the flow of heat from the central hot plate' is normal 
to its surfaces— see Fig. 15*12 (a). Two slabs of the material 
to be investigated are required and these are placed above and 
below the heating dement— see Fig. 15*12 (6). The slabs must 
be equal in cross sectional area to that of the guard-ring. The 
apparatus is provided at the top and bottom with chambers 
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Fia. 16 * 12 .— Guard-ring Method for investigating the Thermal Conductivity 
of a badly-conducting Substance (N.P.L.). 


through which rapid streams of water at a constant temperature 
flow.': 

Electrical energy is then dissipated in the central hot plate and 
in the guard-ring, each being controlled separately. Copper- 
constantan thermocouples are made by soldering a copper and a 
constantan wire to a very thin and small piece of copper : the 
copper discs are distributed over the surfaces of the heating plates 
and the dissipation of energ^^ adjusted until the temperature is 
the same over the inner portion of the ring as it is over the central 
plate. A week may elapse before steady conditions are obtained. 

The temperature difference across each slab is then measured 
by other thermocouples, and the thermal conductivity calculated 
as 

Let W be the rate at which energy is dissipated in the central 
hot plate — ^this is in watts and is equal to VA, if V is the voltage 
across the central heating coil and A the current in amperes through 
it. Let S be the cross-sectional area of the central plate — ^this is 
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also the area across which the energy dissipated in the central 
plate flows. Let di and ^2 be the thicknesses of the slabs, and 
the temperature differences across them. Then 

S“JS"'JS“ 

where J is the mechanical equivalent of heat, expressed in joules 
per calorie. 

The above is a short account of a precision method developed at 
the National Physical Laboratory ^ Teddington, by Ezeb GBii'i’iTHS. 

The Flow of Heat across Composite Plates. — ^Let us con- 
sider the heat flowing across a portion of a large wall of a room 
consisting of a thickness of brick covered with plaster. Let the 
thickness of the plaster be d^^ while d^ is that of the layer of brick : 
let Ki and Xj be the mean thermal conductivities of the plaster and 
bricks respectively. Let and 6^ be the temperatures inside 
and outside the room Let A be the area across which 

the heat flow is considered. This area must be such that the heat 
flow is normal to the surfaces of the materials so that our equation 
may be applied. If Q is the quantity of heat flowing per second, 
when the steady state has been reached, across any section of the 
portion of the wall chosen parallel to the faces — then Q is constant for 
all such sections, since there is no accumulation of heat at any point 
—we have, if 6 is the temperature at the brick-plaster interface, 
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If Kj and Kg are known, 0, and then Q, may be calculated. 


The Thermal Conductivity of Water.— Liquids are poor 
conductors and measurements of their conductivities are rendered 
difficult on account of the presence of convection currents. That 
water is a poor conductor is shown by the fact that it may be boiled 
at the top of a large test-tube even while a piece of ice remains at 
the bottom of the tube>^the ice must be weighted, say with wire 
gauze, to. make it sink. 

The Thermal Conductivity of Liquids. — The following appar- 
atus has been designed by the author for determining the thermal 
conductivity of a liquid. The essential parts of the apparatus 
are shown in Fig. 15-13 (a). It consists of a square hot plate, A, 
made by sandwiching a heating mat between two brass plates. The 
mat consists of a piece of micanite wound with nickel wire as 
shown in Fig 15*13 (6). This particular form of winding is adopted 
so that the outer portion of the mat shall act as a guard-ring to the 
central portion. This mat is insulated from the brass plates by 
asbestos. Above the hot plate is a compound plate made of ebonite 
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of known thermal conductivity. The thickness of the central por- 
tion, B, of this plate is determined. The junctions of a manganin- 
constantan thermocouple are placed above and below the central 
portion of the ebonite, so that the temperature difference across 
the ebonite B may be determined accurately. The junctions are 
near to the centres of the faces of B. C^ is a cold-water chamber 
placed on top of the ebonite. A rapid stream of water passes 



Fig. 15-13. — ^Apparatus for determining the Thermal Conductivity of Liquids. 


through this chamber, the interior of which is divided into channeljs 
so that the water flows as in Fig. 15*13 (c). Below the heating 
element is a square chamber, D, containing the liquid whose heat 
conductivity is to be measured. D is made by fitting two brass 
plates into a thin " square ebonite j&ame. C^ is a cold-water 
chamber similar to Ci. The stream of water through and Cj 
is sufficiently rapid for its rise in temperature to be so small that 



i 


292 


HEAT 


the temperatees of the lower siirface of the water and the npper 
surface of the ebonite are uniform. 

Under these conditions, when electrical energy is dissipated in 
the heating unit, the temperature gradient in B and in D is large 
and may be measured with sufficient precision by means of cali- 
brated thermocouples. The method of determining the tem- 
perature gradient in the ebonite has been indicated. For the 
determination of the temperature gradient in the liquid, a second 
manganin-constantan thermocouple is arranged as shown. The 
actual junctions are at X and Y, the wires being supported at a 
measured distance apart hy fixing the manganin portions to an 
ivory pillar Pj and supporting the constantan wire on a second 
pillar Pj|. 

The heating current is supplied from a large battery and the rate 
of supply of energy in the central portion of the heating coil deter- 
mined measuring the current through the wire and the voltage 
across the portion of the wire which is surrounded by the guard- 
ring. 

To improve the thermal contact between the various surfaces 
the apparatus was clamped between wood sirpports and placed 
in melted wax. The whole was then placed in an exhausted vessel, 
and the air between the various surfaces was removed. Air was then 
admitted to the exhausted vessel, and when the wax was about 
to solidify the apparatus was removed. The crevices between the 
various surfaces were then filled with wax. 

By arranging the apparatus in tjiis way convection currents in 
the liquid are avoided, and the guard-ring ensures that the flow 
of heat over those portions where the temperature gradient is 
measured shall be normal to the faces of the ebonite and the layer 
of liquid. 

If W is the rate of supply of energy to the heating element in 
watts, A the central area of the mat, the thermal conductivity 
of the ebonite, that of the liquid, the thickness of the ebonite B, 
da the distance between the junctions of the thermocouple in the 
liquid, ©1 the temperature drop across the ebonite B, and 0a that 
across the liquid of depth da, then, in the steady state, 
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From this equation may be deterinined, since all other quan- 
tities in it are known or measurable. 


The Thermal Conductivities of Gases. — ^The conductivity of 
a gas is very low and its measurement is again made difficult by 
the existence of convection currents. The following experiment 
is to illustrate the wide limits between which the conductivities of 
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gases may vary. A platinnm wire AB, Mg. 15*14, is suspended inside 
a wide glass tube. Its upper end is attacked to a copper rod held 
in position by a cork C and connected to one pole of a battery. 
The wire is kept taut by a weight near B to which is attached a 
short metal rod dipping into mercury as shown. A copper wire 
passing through the lower cork D connects B to the other pole of 
the battery, the circuit containing a variable resistance and an 
ammeter as indicated. The current 
is adjusted until the wire glows. If 
a platinum wire is not available one 
of nickel may be used. The key K 
is then removed and coal-gas— or 
hydrogen— passed through the appar- 
atus. The exit tube is im m ersed 
below the surface of water con- 
tained in a metal dish. If a small 
gas flame, or preferably a wire made 
hot by the passage of an electric 
current through it, is held over the 
water the gas may be disposed of 
without fear of an explosion. When 
the gas has been passing for several 
minutes the key, K, is closed, and 
although the ammeter indicates the 
passage of a current the wire no 
longer glows. This is partly because 
the conductivity of hydrogen is seven 
times that of air — some heat is lost Eio. 15*14. 

by convection and by radiation. 

Estimation of COj. — The fact that a wire loses heat at a rate 
determined by the conductivity of the gas m which it is placed 
was utilized by Shakbspbar in the construction of an instrument 
for detecting variations in the carbon dioxide content of a given 
sample of gas. This is important in connection with the transport 
of apples from Australasia to this country. It has long been known 
that apples must be cooled during the voyage, but it is only recently 
that it has been recognized that an increase in the carbon dioxide 
content of the air around them — due to the breathing of the 
fruit— is responsible for a rapid decay to which apples are subject. 
The same instrument has been utilized to detect dangerous mixtures 
in the neighbourhood of hydrogen-generating plants and m airship 
sheds, to determine the leakage of hydrogen and helium through 
balloon fabrics, and to detect leakage from inflated airships and 
balloons. Four identical spirals of platinum wire are enclosed in 
four separate cells, Ej, etc., in a metal block, Mg. 16*15, each of the 
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spirals being connected to form one arm of a Wbeatstone Bridge 
circuit. An electric current is allowed to flow tbrougli the bridge, 
thereby causing the four spirals to become heated and to lose 
heat to the walls of the cells. If two gases having different 
thermal conductivities are introduced, one into Ei and Eg say, 
and the other into Eg and E 4 , the spirals Ej and Eg will assume 
temperatures different from those of Eg and E 4 , since the rates 
of the cooling for each pair of wires are different. This differ- 
ence in temperature of the two wires causes a deflexion of the 
galvanometer G, the extent of which depends on the difference in 



conductivity of the two gases. The construction is such that 
changes in the temperature of the gases affect both sides of the 
bridge equally. If, therefore, the cells Eg and E 4 contain a pure 
gas, and the cells and Eg the same gas mixed with some other 
constituent, the extent of the deflexion will be an indication of 
the amount of the second gas present, and the galvanometer can 
be adjusted, e.g. by altering the resistance B, to show directly 
the percentage composition of the mixture. 

Convection Currents in Air.— A wax candle is attached to a 
piece of lead so that it may stand upright when placed in a shallow 
dish containing water — ^Eig. 15-16. The candle is lighted and a glass 
tube of the shape indicated placed over it, the water making an effec- 
tive seal at the bottom of the tube. In a few seconds the flame is 
extinguished. If, however, a metal T-piece is placed in the neck 
of the tube and the experiment repeated the candle continues to 
burn. If two glass rods, one moistened with strong hydrochloric 
acid and the other with ammonium hydrate, are held close together 
at A, white fumes of ammonium chloride will reveal that the air 
is entering the tube as indicated by the arrows. 

The draught of a chimney is produced by convection currents. 
Similar currents in the atmosphere are responsible for the Trade 
which blow with great regularity over certain portions of 
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the earth’s surface. They are produced by the cooler air flowiag 
in from the north and south temperate zones to replace the hot air 
which is continuously moving upwards as a convection current in 
regions near the equator. The region where this hot air rises is 
the region of the equatorial calms. The rotation of the earth 




Fio. 15*16. 

prevents these winds from following a course parallel to a line of 
longitude, since the velocity at the earth’s surface becomes less 
as the latitude increases. Hence the wind in regions of higher 
latitude will lag behind that at the equator, appearing to come from 
the N.E. and S.E. in the northern and southern hemispheres, 
respectively. 


EXAMPLES XV 

1. — ^The temperature difference between two* opposite faces of a metal 
plate is 40*6° C. ; each face measures 30*4 cm. x 25*6 cm. If the 
thickness of the plate is 4*82 cm., calculate the conductivity of the 
metal if the heat passing through the plate is sufficient to melt 582 gm. 
of ice per minute. [L = 80 cal. gm "L] 

2. - — ^Define the term thermal conductivity and describe how you would 
proceed to measure the thermal conductivity of a badly conducting 
solid if it were available in a form suitable for the method you select. 

3. — What is meant by the statement that the thermal conductivity 
of iron is 0*15 cal. cm.“^ sec.~^ deg.-^ C. ? Calculate the amount of 
heat which will flow per minute through a sheet of iron 1 metre square 
and 4*5 mm. thick if one face is at 100® G. and the other at 110° C. 

4. — The glass windows of a room have a total area of 10 square metres 
and the glass is 3 mm. thick. Calculate the rate at which heat escapes 
from the room by conduction when the inside surfaces of the windows 
are at 20° C.‘ and the outside surfaces are at — 5° C. l/c ===: 0*002 cal. 
cm.'^ sec."^ deg.“^ C.] 

5. — ^Describe and explain a method of measuurfng the thermal con- 
ductivity of glass, the glass being supplied in the form of a tube. 
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6. — ^Describe how the thermal conductivity of a badly conducting 
solid available in the form of two rectangular blocks of the same size 
may be determined, indicating clearly how the conductivity is calculated 
from the observations* 

7. — Describe and explain the principle of a miner’s safety lamp and 
state the conditions under which such a lamp may become dangerous. 

8. —A flat heating coil, in which energy is dissipated at the rate of 
20 watts, fills the space between two identical cylmdrical discs 20 cm. 
in diameter and 0*2 cm. thick and the whole is suspended in air. The 
mean temperature diflerenoe between the faces of each disc when steady 
conditions have been obtained is 10® 0. Calculate a value for the 
thermal conductivity of the material of the discs. 

9. — ^In an experiment with Searle’s apparatus to determine the ther- 

mal conductivity of copper the following observations were made. ti == 
73*9® C., = 50*4® 0., = 17*50® 0., = 14*21® G. Mass of water 

flowing in 36*9 secs, » 600 gm. Distance between and « 10*0 cm., 
diameter of bar 6* 07 cm. Calculate the thermal conductivity of copper. 

10. — ^A flat heating coil completely fills the space between two sheets 
of ebonite each 2 mm. thick. The whole of the above is then inserted 
between two plates of glass, each 8 mm. thick, there being good thermal 
contact between adjacent glass and ebonite surfaces. The cross section 
of the above composite block in any plane parallel to that of the heating 
coil is 1000 cm.*. The temperature of each ebonite face in contact 
with the heating coil is 60® 0., the outer faces of the glass are main- 
tained at 0® 0. The ^thermal conductivities of ebonite and of glass 
are 0*4 x lO"* and 2 x 10 *jcaL om.”^ sec. deg. *^C., respectively. At 
what rate is energy being dissipated in the heating coil ? 


CHAPTER XVI . 

THE TRANSMISSION OF HEAT— RADIATION 

Freiiminary Remarks, — ^Heat can be transferred by condno- 
tion and convection only through a material medium, solid or 
fluid in the former instance, fluid alone in the latter, but the fact 
that we receive heat from the sun provides ample evidence that 
one body may heat another even though the two bodies are 
separated by a space devoid of ordinary matter. The process 
by which this occurs is known as radiation, and while in course 
of transfer the heat energy takes a form spoken of as radiant 
energy. 

The transfer of heat by radiation is not limited to empty space, 
however, for some at least of the radiant energy emitted by the 
sun reaches the suiface of the earth in spite of the layer of air 
covering it. Hence radiant energy can pass through a gas. More- 
over, it is an everyday experience that it can pass through glass, 
and experiments, to be described later, show that it passes even 
better through rock salt and carbon disulphide. Finally, it may 
be noted that some substances opaque to visible light allow radiated 
heat to pass through them : ebonite is one of these, a solution of 
iodine in carbon disulphide another. In order to understand the 
processes at work let us consider the following analogy. 

Experiment, Two similar tuning-forks are mounted on resonance 
boxes so that they lie in the same plane at a short distance from each 
other. One of the forks is bowed strongly : the waves emitted travel 
through the air and impinge upon the second fork. If the prongs of 
the first fork are held so that they no longer vibrate, a note from the 
second fork will be heard, although it was silent origiaaily. This is 
an example of the radiation of sound energy and its reception by a 
body of the same natural frequency.^ 

Since matter consists of molecules moving in all directions at 
random (liquids and gases) or oscillating about some mean position 
(solids), we have to liken matter to a swarm of tuning-forks. 

1 Every tuning-fork has a definite period of vibration — say T sec. The 
number of vibrations per second is the frequency, w, of the fork. Thus 
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In general, whatever is the nature of the radiant energy incident 
upon a body, some of the molecules present in that body will be 
able to act as receivers for that part of the radiation which they 
themselves would emit had they been stimulated. If a set of 
tuning-forks emit radiations which fall upon another similar set 
of forks, these will continue to absorb energy until they themselves 
are emitting energy at a rate equal to that at which it is being 
received. From this point of view the thermal equilibrium of a 
body is not one of rest but of vigorous activity, for a body at a 
constant temperature is one in which there is perfect compensation 
between the heat it absorbs and the heat it radiates. 

The Early History of Radiant Energy. — The history of radiant 
energy dates from the time of Francis Bacon. For centuries 
before, men had known how to use burning mirrors to concentrate 
the sun’s rays to a focus and thereby kindle a fire. Bacon suggested 
the use of burning glasses to concentrate *‘the heat which is not 
glowing or luminous, but such as the heat of iron or stone which 
has been heated but not ignited, or the heat of boiling water.” 

Diathermancy.— When white light is incident upon a body, in 
general, part will be transmitted, part reflected, and the remainder 
absorbed. For our present purpose it is sufficient to know that 
white light is a mixture of different colours and that each colour 
is characterized by a certain frequency of vibration. When colours 
of particular frequencies are absorbed those which remain cannot 
produce white light— we find that the transmitted and reflected 
light is coloured. The body is opaque to the visible rays which 
it absorbs, and transparent to those it transmits. In the study 
of radiant energy substances are found, in general, to behave in 
a similar way. Substances transmitting heat radiations of par- 
ticular frequencies are said to be diathermanous with respect to 
those radiations : similarly, a substance absorbing such radiations 
is adiathermanous with respedt to them. The two words diather- 
manous and adiathermanous correspond to the terms transparent 
and opaque in optics. 

Instruments used in Detecting Heat Radiation.— When 
radiant energy is incident upon an absorbing material the tempera- 
ture of the latter increases. H the effect of this rise in temperature, 
which is often small, may he amplified, we have a detector of radiant 
energy. No known substance absorbs all incident radiation : lamp- 
black, however, absorbs more than 90 per cent., irrespective of the 
particular source j&rom which the radiation may come. The early 
workers in this field used differential air thermometers, one bulb 
being covered with lamp-black. These have been superseded by 
electrical instruments, based on the fact that an electric current 
flows continuously in a circuit consisting of two dissimilar metals 
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the junctions of the metals are at different temperatures. 
The effect is very marked when the metals are antimony and 
bismuth, the current flowing from the antimony to the bismuth 
through the cold junction. A set of such antimony-bismuth junc- 
tions coated with lamp-black and arranged so that the separate 
effects are additive becomes a sensitive detector of heat radiation 
and is termed a. thermopile. Fig. 16-1 (a) is a diagrammatic 
representation of the arrangement of the small bars of metal in 
a them&pile. They are insulated along the greater part of their 
lengths by mica and embedded in pitch, or other insulating material, 
with their junctions projecting at the two ends"^. Mg. 16*1 (b) is 
ah end-on view of a thermopile consisting of twenty-five junctions. 
One set of junctions is polished and covered by a metal cap : the 



other set is coated with lamp-black [to absorb heat radiations more 
readily] and exposed to the source to be examined. A metal cone 
screens the blackened face from all radiations except those lying 
within the angle of the cone. This instrument was invented by 
Nobili in 1829 and subsequently improved by himself and by 
Meixoni. Of still more recent date is the bolometer, which is 
essentially a strip of very thin platinum foil coated with lamp- 
black. "^^en exposed to heat radiations its electrical resistance 
increases in consequence of the rise in temperature experienced. 
The change in resistance is measured by some form of Wheatstone 
bridge [of. p, 745]. 

To measure the energy associated with a small region of a 
spectrum the alternate junctions must be arranged in a straight 
line one above the other. We then have a linear thermopile. 
Mg. 16*2 (a) is a diagram showing the construction of such a 
thermocouple. Silver wire, 0*03 mm. in diameter, and bismuth 
wire, 0*1 mm, in diameter, are used to form the individual thermo- 
couples. Since bismuth wire is very brittle, short pieces are 
employed — ^they must be sufficiently long, however, to ensure that 
the temperature of the ‘‘cold junction remains constant. Tin 
is used to join the wires to small cppper discs. Mg, 16*2 (6) shows 
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how the thermocouples are assembled. The ‘Vhot junctions ’Mie 
in a straight line and their surfaces are blackened. The whole is 
enclosed in a metal case in front of which is a narrow slit, so that 
for a given setting of the apparatus only radiation in a small 
region of the spectrum falls on the hot junction/’ 



Fig. 16*2. — Construction of a Linear Thermopile. [Not to scale.] 

The sensitivity of thermopiles has been considerably increased 
in recent years by making the mass of the instrument small and 
enolosiug it in a vacuum to render negligible the loss of heat by 
conduction and convection from its surface. 

The Rectilinear Propagation of Radiant Energy. — ^That 
radiant energy travels in straight lines may he demonstrated by 
arranging three horizontal narrow tubes each about 5 cm. long 
in a straight line between a hot body and a thermopile. A 
galvanometer suitably connected to the thermopile indicates that 
it is receiving energy unless the coUinear arrangement is destroyed 
by displacing one of the tubes. 

The Inverse Square Law for Radiant Energy.— If a small 
element of area is constructed so that it is perpendicular to the 
direction of flow of radiant energy at a point, the linear dimensions 
of the source being small, the amount of energy passing through 
that element per second divided by the area of the element is termed 
the intensity of the radiation at that point. The inverse square 
law states that the intensity of radiation at a point is inversely 
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proportional to the square of the distance of that point from the 
source. This statement may be verified as follows : — A thermo- 
pile, T, Fig. 16-3, connected to a galvanometer, G, is placed in 
front of a large tank, M, filled with boiling water (or otherwise 
maintained at a steady temperature). The surface of the thermo- 
pile is directed towards the tank and the deflexion of the galva- 
nometer recorded. It will be found that as long as the thermopile 
is moved along a normal to the surface of M, this deflexion remains 
constant providing the generators of the cone of the instrument 



do not pass beyond the confines of M. For if d and r are, ifespeo- 
tively, the distance of M from T, and the radius of the circle on M, 
from which the thermopile receives radiation, and suffixes denote 

corresponding conditions, ^ Moreover, the areas of the 

(Xfi 0/^ 

circles are and Since the galvanometer gives a constant 

deflexion it follows that the total energy received by it is the 
same in each instance. We therefore have 

Intensity of radiation from I cm.^ of surface at d-i 
Intensity of radiation from 1 cm.^ of surface at d/’ 
since experiment shows that the terms formed by the cross-multi- 
plication of the above fractions are equal. 

The Reflexion of Radiant Energy .—Fig. 16-4 is typical of 
an arrangement whereby the laws of reflected radiant energy may 
be established. Two brass tubes (15 cm. X 0*2 cm.), LM and PQ, 
are placed in the same horizontal plane before a piece of polished 
metal sheet B capable of rotation about a vertical axis passing 
through the intersection of imaginary vertical planes drawn along 
the axes of the tubes. A white-hot ball, or an arc lamp, is placed 
at A and the thermopile at 0 to receive any radiation passing 
down the tube PQ. The metal B is rotated until the deflexion 
of the galvanometer, G, shows that 0 is receiving radiant energy. 


/ 



302 HEAT 

Since it is diffionlt to measure the angles at B directly, the thermo- 
pile is removed and the eye directed along the tube QP, care being 
taken to hold a piece of smoked glass near Q to protect the eye 
from ultra-violet rays when an arc is employed. A clear image 
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Fig. 16*4. — ^Reflexion of Radiant Energy. 

of the source will be seen showing that the laws for the reflexion 
of radiant energy are the same as those governing the reflexion 
of hght [cf. p. 342]. 

Further Experiments on the Reflexion of Radiant Energy, 
—If an arc lamp is placed at the focus, B, of a concave mirror, 



Fig. 16-5. 


Ml, Fig. 16’5, radiant energy is reflected from the mirror as a 
parallel beam [cf. p. 364]. Suppose that this falls on a second 
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ooiioav6 mirror Mg having the blackened bulb of a thermometer, T, 
at its focus A, A cardboard screen S protects this bulb from direct 
radiation from B. If the mirrors have a focal length about 12 cm. 
and are placed one metre apart, the rise in temperature at A is 
about 4® C, This experiment is a verification of the fact that 
radiant energy is propagated according to the laws of geometrical 
optics. 

The Refraction of Radiant Energy. — ^To verify the fact that 
radiant energy may be refiracted, an image of a slit S, illuminated 
by an arc lamp, A, Fig. 16*6, is produced by a converging lens, 
Lj, on the front surface of a thermopile T at Tj. If the latter 
is connected to a galvanometer the deflexion shown by this instru- 
ment proves that thermal energy is incident upon the surface of 
the thermopile. When a hollow glass prism, P, containing carbon 
disulphide is introduced into the path of the light emerging from the 



lens the galvanometer deflexion soon becomes zero and a spectrum 
may be obtained on a screen held in a suitable position. The prism 
P is then rotated until the deflexion of the light passing through it 
is a minimum [cf. p. 377]. The thermopile, T, is then placed at T, 
to receive this spectrum. It is advisable to cover the exposed surface 
of the thermopile with a cardboard having a narrow slit parallel 
to the refracting edge of the prism so that only one colour falls on 
T at one time. If the violet rays, i.e. the rays of short wave-length, 
are first allowed to pass through the slit a small deflexion will be 
shown by the galvanometer. This deflexion increases rapidly as 
the green, yellow, and red rays are in turn allowed to reach T. If 
the region beyond the red rays is explored in this way it is found 
that the deflexion of G continues to increase for some time before 
again becoming zero, a fact showing that the region immediately 
beyond the red end of the spectrum is rich in heat rays. These are 
termed in/ra-redf rays. 

The Distribution of Energy in a Heat Spectrum. — ^By 
means of an apparatus similar to that shown ■ in Fig. 16-6 
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[c£ also Fig. 23*17], the distribution of energy in the spectrum of the 
heat radiation from a hot body may be investigated. The essential 
modifications are that the thermopile should be a linear one, 
and that the materials of the prism and lenses should be diather- 
manous to heat rays. The galvanometer deflexion will be directly 
proportional to the energy received by the thermopile per unit 
time, i.e. to the energy in a short region of the spectrum. If the 
deflexions are plotted against the wave-lengths ^ of the heat radia- 
tions corresponding to the centres of each such short region, curves 
similar to those shown in Fig, 16*9 [of. p. 313], will be obtained. 
These indicate that as the temperature of the source increases, 
the maximum on the curve shifts towards the region of shorter 
wave-length, i.e, the region of higher frequency. 

Early Experiments on the Amounts of Heat lost per Unit 
Time from Equal Areas of Different Surfaces under Identical 
Conditions. — To compare the rates of emission of radiant'energy 
from equal areas of different substances at the same temperature 
Leslie devised the following experiment. A metal cube, side 
about 10 cm., was filled with boiling water [if the experiment 
were being repeated, electrical heating would be employed to keep 
the water boiling], and placed in front of a thermopile connected 
to a galvanometer. Three of the side faces of this cube were 
covered with the materials under investigation — say lamp-black, 
varnish, and paper, while the fourth was highly polished. The 
thermopile was at such a distance from the cube tbat only heat 
from the surface under examination was received by it. The 
deflexion of the galvanometer was proportional to the rate at 
which energy was received by the thermopile. The radiation 
from each different face of the cube was examined in turn,* care 
being taken to keep each face at a fixed distance from the thermo- 
pile. Leslie found that lamp-black was the most efiS-cient emitter 
of radiant energy, while polished metal surfaces were very in- 
efficient. 

With the aid of this apparatus it may be shown that aluminium 
paint is a poor emitter of heat ; hence, as far as the emission of 
radiant energy is concerned, it is most disadvantageous to coat 
hot-water pipes with aluminium paint. 

Experimental Investigation of the Diathermancy of Differ- 
ent Bodies, — ^MELLOia compared the diathermancy of various 
substances in the following way : A screen, S, Fig.' 16*7, having 
a circular opening, was arranged as indicated between a source 
of radiant energy, A, and a thermopile, T, connected to a galva- 

^ If V is the yelooity with which radiant energy travels, n the frequency, 
then the wave-length A is such that v. ^ v, '".■'.r' 
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nometer, G. A was a steam chamber, and the opening in S was 
snch that when A and T were in position only radiant energy from 
the near side of A was received by T. The deflexion of G having 
been noted, a piece of glass plate was placed at P. The deflexion 
was considerably reduced. The ratio of the galvanometer de- 
flexions in the two instances measured the diathermancy of the 
particular piece of material used. When a second piece of glass 
similar to the first was placed alongside P the deflexion was not 
much reduced, a fact which showed that a substance is very dia- 
thermanous towards radiation transmitted through some of the 
same material. 

Prom such experiments as these it was found that rock salt was 
the most diathermanous substance investigated — ^that is why the 
lenses and prisms used in experiments on radiant energy should 
preferably be made of this substance. 

Liquids may also be examined in this way. Since they have to 
be contained in a glass 
cell a blank experiment ..infill" 
is first performed with 
the cell empty. 

Water is less diather- 
manous than glass, but 
even as ice it transmits 
heat rays without melt- 
ing. This may be shown 
by filling a watch-glass 
with water and placing 
it on solid carbon dio- 
xide (—80° 0.), or on a 
freezing mixture. The 

plano-convex lens so formed may then be used to form an image 
of an arc lamp on a thermopile when a galvanometer connected 
to it will show an increased deflexion. 

Ebonite and a solution of iodine in carbon disulphide are diather- 
manous with respect to heat waves although they are opaque to 
visible radiations. 

MeUoni found that the diathermancy of a body increased in 
general as the temperature of the source increased. As an exaiqple 
of this we may cite the instance of glass, which allows heat rays 
from the sun to pass through it without becoming warm. The 
outer layers of the sun are estimated to be at 6000° 0. [Jeans 
estimates that inside the sun the temperature may exceed one 
million degrees.] On the other hand, glass is used as a fire-screen 
because it is adiathermanous with respect to heat rays from a 
source at -a relatively low temperature, about 1,200° 0. It is for 
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Eig. 16*7. — ^Apparatus for comparing the 
Diathermancy of DiUerent Bodies [after 
MeHoni]. 
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these reasons that glass is employed in greenhouses. Heat j^om 
the sun may pass through, but the heat from the materials inside 
cannot. 

These facts may be illustrated in the laboratory by suspending 
a piece of copper sheet in a vertical position, and heating it in a 
bunsen flame. If a piece of glass is placed between the hot copper 
[about 400"^ C.] and a thermopile, the galvanometer to which this 
is connected shows that the thermopile is not receiving much 
radiant energy — glass does not transmit readily the heat energy 
from such a source. If the hot copper is replaced by an Argand 
burner similar results will be. obtained. When, however, an arc 
lamp is used as the source of radiant energy, the fraction of the 
energy transmitted is much greater. 

Prevost’s Theory of Exchanges.— The early workers who 
endeavoured to ascertain the nature of radiant energy were con- 
fronted by the following difficulty. It is well known that a hot 
body radiates heat to those bodies that are cooler than itself, but 
does it also radiate energy when it is surroimded by bodies at a 
temperature equal to or greater than its own, i.e. does the radia- 
tion from a given body at a given temperature depend on the 
objects surrounding it, or is it independent of them ? According 
to the theory of exchanges due to Pbevost, who termed it “ A 
Theory of a Movable Equilibrium of Temperature ”, it is main- 
tained that bodies at aU temperatures are continuously radiating 
energy to each other, those at a constant temperature receiving 
as much energy in a given time as they emit. . To see how he 
arrived at such a conclusion let us consider, with Prevost, a number 
of bodies initially at different temperatures in an enclosure whose 
walls are impervious to heat and which contains no source of 
thermal energy, intimately these bodies wiU acquire a uniform 
temperature and be in equffibrium with each other and the waUs 
of the enclosure. This condition is reached by a process in which 
energy is both absorbed and emitted, and not by one in which 
the hot bodies emit energy and the colder ones receive it. It is 
independent of the size, shape, and position of the objects with 
respect to the walls. Moreover, this theory asserts that this 
mutual process of the simultaneous emission and absorption does 
not come to an end when thermal equilibrium is attained, but 
that there is a continuous exchange of energy between the bodies 
themselves and between each body and the walls of the enclosure, 
although the total energy in each body remains constant. 

Now if one of the bodies were withdrawn from the above en- 
closure and placed iU' another whose walls, and the objects in it, 
were in thermal equilibrium with one another but at a temperature 
higher than its own, heat would be radiated from the walls, etc., 
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to that body. The body thns introduced was not capable of 
acting directly on the walls of the enclosure and the objects therein 
which were at a distance from it, i.e. the cooler body could not 
have caused the walls, etc., to emit radiant energy to it. The 
mutual processes of emission and absorption could not therefore 
have ceased when thermal equilibrium had been attained inside 
the enclosure. The theory of exchanges is based on arguments 
similar to the above. 

When a body is placed in an enclosure whose walls are at a 
temperature equal to its own, the temperature of the object remains 
constant because the heat it receives from the walls is exactly 
balanced by the heat it gives to them. For if the object became 
hotter than they, its rate of supply of thermal energy to the walls 
would at once become more copious and thermal equilibrium would 
soon be re-established. 

In this connexion it is well to remind ourselves that a ther- 
mometer suspended in a room may not indicate the temperature of 
the air in its immediate neighbourhood even if that temperature 
is steady and the thermometer has not Just been placed in position : 
for its indication will depend on the nature of the radiations which 
its sensitive part is receiving from surrounding bodies, if it is able 
to absorb them. 

Further Evidence in Support of the Theory of Exchanges. 
— ^Let us assume the validity of the theory and see whether some 
of the consequences ensuing from it are in accord with experi- 
mental facts. Suppose that two mercury thermometers, identical 
in all respects, except that the bulb of one is blackened while the 
other is enclosed by a silver thimble in good thermal contact with 
it, are placed in an enclosure whose walls are maintained at a 
constant temperature. The final indications of the thermometers 
are identical. All the radiant energy falling on the bulb of 
the first thermometer is absorbed, whereas that falling on the 
silver is mostly reflected. Since the temperatures recorded are 
the same, however, it follows that the bulb which is blackened 
must be emitting a supply of energy equal to the amount it receives 
when thermal equilibrium is reached, whereas the bulb of the other 
thermometer only emits a correspondingly small amount, but again 
equal to that which it receives. 

The radiation from a reflecting metallic surface ought, therefore, 
if the theory is true to be much less than that from a blackened 
one at the same temperature. Leslie proved experimentally that 
surfaces which reflect radiant energy copiously only emit a small 
amount at the same temperature. 

An Important Theorem.— Suppose that I is the amount of 
radiant energy received per unit time by a body. Let A, R, and 
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T denote the amounts absorbed, reflected, and transmitted, re- 
spectively. Then 

1 = a + r + t. ; 

If A is large, it follows that R and T are small, i.e. a good absorber 
is a poor reflector. Similarly, a good reflector is a poor absorber. 

The Radiant Energy from Heated Substances.— Suppose 
that a thin plate of rock salt is suspended in a temperature en- 
closure of the type already considered. The temperature of the 
plate finally assumes a constant value, when it radiates as much 
energy per unit time as it absorbs in that time. Since rock salt 
is diathermanous [transparent to heat radiations], the rate of 
emission of radiation from it will be small. Moreover, since a 
thick plate of rock salt will absorb more than a thin one in the 
same time, it will also radiate more. Baltoue Stbwabt verified 
these deductions experimentally. 

Suppose that the plate is made of glass and the temperature 
of the enclosure is not high — say 400® 0. Since glass is extremely 
adiathermanous [opaque to heat rays], either a thick or a thin 
plate will absorb nearly all the heat energy incident upon it. The 
radiation from such plates will therefore be independent of their 
thickness — ^in fact, the rate of emission from either is the same 
practically as if they were coated with lamp-black. 

Experiments such as the above show that the surface of a body 
is not necessarily the source of the heat radiations. 

The Extension of the Theory to Bodies exchanging Radia- 
tions at Different Temperatures. — When radiations of aU wave- 
lengths faU on an object and are absorbed by it, it does not follow 
that radiations of all wave-lengths are emitted except when the 
object is in thermal equilibrium with the surrounding objects; 
if the body is cold the greater portion of the radiation emitted 
will have long wave-lengths, but the total energy emitted wil be 
equal to that absorbed when conditions are steady. If the sub- 
stance is heated the proportion of radiation having short wave- 
lengths increases — ^ultimately visible rays are emitted. Now at 
ordinary temperatures the black portions of the design on the 
china used below absorb more (in fact nearly all) of the incident 
radiation than do the red ; they therefore emit more. Similarly, 
the red portions absorb and therefore emit more energy as radiation 
than do the white in the pattern : if this were not so the black 
portions would be much hotter than the red and these much 
hotter than the white. When the temperature of the china is 
raised a point is reached when the black portions emit a copious 
supply of visible radiation, the red less, and the white least of all. 

This apparent revemd of a black and white pattern on heating 
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is indicated in Fig. 16*8. In connexion with this, it must be 
remembered that so long as we are dealing with heat rays, the fact 
that one part of a surface 
is a better radiator of 
energy than another, may 
only be ascertained with 
the aid of an instrument 
which will detect such 
radiations — ^the eye fails 
utterly. It is for this 
reason that the white por- 
tions in Fig. 16*8 (a) 

appear brighter than the 
(ferk ones to an observer. 

If the temperature is so high, however, that visible rays are 
emitted, (A <0-7 the difference in the radiating powers of two 
surfaces is then apparent — ^in fact, we have a visible proof that a 
blackened object radiates more than a white one at the same 
temperature. 



Fig. 16*8.~ 


-Apparent Reversal of a Pattern 
on Heating. 


Experiment L Obtain a piece of white china having a design in 
red%and black. Heat it in a strong blowpipe flame until it is incan- 
descent. The parts which were white originally, now appear darkest 
and vice-versa, while the portions which were red at ordinary tem- 
peratures now glow, but less vividly than those portions originally black. 

Experiment iu Mark with ordinary black ink [or, better, a paste 
of ink and iron oxide] a cross on a piece of platinum foil and heat it in 
a blowpipe flame. The ink is converted to oxide of iron which glows 
more vividly than the rest of the foil when heated. In consequence 
of this greater emission from the oxide, the foil, when examined on the 
reverse side, will appear darker where the cross has been drawn on 
the other side. 

Experiment UL Heat a rod of glass which is blue at ordinary 
temperatures. When it becomes incandescent it appears a very bright 
red. A piece which is red at ordinary temperatures shines less brightly 
than the above piece of glass when similarly treated. This is because 
blue glass absorbs red light in preference to blue, so that when it 
becomes incandescent red light is emitted more freely than the blue. 
On the other hand, the red glass absorbs blue light and so emits blue 
light more copiously than red when it is heated. A piece of trans- 
parent glass at the same temperature only gives out a faint light, 
since it absorbs very little of the incident radiation. If one heats a 
piece of yellow glass (absorbs blue) then it appears blue when the 
heating is effected in a darkened room. 


‘ The Radiation of Cold.’ — ^The following experiment, usually 
attributed to Piotet, although it was originally carried out by 
PoETA, is important in that it was probably the means whereby 
Peevost of Geneva was led to propose his theory of exchanges 
which, as seen above, has played a considerable r61e in the study 
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of radiant energy. The experiment is practically tlie reverse of 
that described on p. 302. Pictet placed a lump of ice [or a freez- 
ing mixture] at the foci of one of the concave mirrors and the bulb 
of a thermometer at the other, the screen S, Pig. 16*5, remaining 
in position. The temperature of the thermometer fell. 

The above experiment was at one time quoted as a proof that 
‘cold’ was radiated from the ice. The modern explanation is 
as follows : — ^When the bulb of the thermometer is at room tempera- 
ture it has acquired that steady state in virtue of the fact that 
it is receiving heat from all objects round it at the same rate as 
it itself is emitting radiation to them. When the block of ice was 
placed in position it acted as a screen protecting A from some of 
the radiation otherwise incident upon it, and emitted less radiation 
per unit time itself. A was therefore emitting more radiant energy 
to the ice than it received from it and cooled in consequence, until 
the rate of emission was again equal to that of absorption. 

The Loss of Heat from Bodies by Radiation — Stefan’s 
Law. — ^When a body cools in air the loss of heat from it takes 
place under rather complicated conditions, for the loss of heat 
depends on the processes of radiation, conduction and convection. 

and Petit, about 1817, carried out a series of researches 
in which they attempted to eliminate effects due to the two latter 
processes. 

A meroury-in-glass thermometer was heated to 300° C. and then 
placed with its bulb at the centre of a copper sphere immersed in 
a water bath at constant temperature. The air pressure in the 
globe was reduced to about 2 mm. of mercury, and the rate of 
cooMng of the thermometer observed. Their results were embodied 
in an empirical formula which, for many years, was thought to 
represent the rate at which a body emits heat radiation at a given 
temperature. 

In 1879 Stefan suggested that the rate of emission of radiation 
from a body was proportional to the fourth power of its absolute 
temperature. Stefan was led to make this statement after a 
careful examination of some results published by Tyndall. This 
investigator found that at 1,200® C. the rate of emission of radiation 
from a platinum wire was 11*7 times the rate of emission at 525^ 0. 
Now 


1200 4- 273 Y 
525 + 273/ 


= IL6 


[Callendar points out that Tyndall estimated the temperature 
of the wire from its colour : the above agreement is therefore 
fortuitous— the temperatures may be wrongly estimated by 100® C.!] 
Stefan then examined the work of Dulong and Petit and found 
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that, if a oorreotion for the residual gas in the apparatus wm 
applied, their results were in accord with the fourth power law. 

It must be borne in mind that this law, iSrst suggested by Stefan 
and subsequently established by Boltzmank from theoretical con- 
siderations, which states that the total radiation emitted per 
unit time from a Mack body is proportional to the fourth 
power of its absolute temperature, does not mean that the rate 
at which a body cools, by losing energy in the form of radiation, is 
proportional to the fourth power of the absolute temperature, for 
the above rate also depends on the temperature of the enclosure 
in which it is situated. If To is the absolute temperature of the 
walls of the enclosure they emit radiation at a rate proportional 
to To^ i.e. the radiation emitted per unit time is equal to /cTq^ 
where k is a constant. Similarly, if the body is at temperature T 
on the absolute scale it emits radiation at a rate /cT^. The rate 
at which the body cools is therefore k{T^ — To^). 

It is easily shown that in the particular instance when the 
temperature difference between the hot body and its surroundings 
is small, that the rate at which the hot body loses heat in the form 
of radiation [it must be suspended in an exhausted chamber], 
is directly proportional to the temperature excess. 

For let T = T© + where r is small. Then 


4(T„ + T )^ - To‘] = kTo^^(i + y)* - 


=kT„* 


l+4^+6 




+terms in higher powers of | 


Since t is small we may neglect 


(t.) 


(t.)} 0 


, and all its higher powers, in 


' " ' ■ T ' 

comparison with so that the above expression becomes 4 /ctTo®, 

i.e. the rate of cooling, under the conditions here stipulated, is 
directly proportional to the difference in temperature r. 

[It must be pointed out, however, that the above argument is 
not a theoretical proof of the validity of Newton^s law of cooling, 
for, as the sequel will show, this applies to the rate at which a 
body loses heat under very different conditions from those postu- 
lated here.] 


“ Black Body ” Radiation.— The ideal black body is one which 
absorbs completely all the radiations incident upon it ; consequently, 
if it is heated, it must emit radiations of all frequencies. No actual 
black surface fiihSls these requirements entirely, so that a “ black 
body” to satisfy them must be produced artificially. If a sphere 
has a small hole in its side, and energy, in the form of radiation, enters 
that hole the chances of it ever ©scaping again are very remote on 
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accoimt of the nimaeroiis refleidons taking place inside the sphere ; 
at each reflexion a certain fraction of the energy is absorbed, so that 
eventually only a negligible quantity remains. If such a body is made 
hot [the material of the walls must be capable of withstanding the 
high temperatures to which they may be subjected] radiations of all 
wave-lengths will proceed from the aperture, i.e. such a body becomes 
an ideal radiator, and the radiation from it is known as *\black body** 
radiation. Andbabe, in his book, The Mechanism of Nature, gives 
the following illustration. ** For instance, an open window in a white 
hoxase-firont looks a perfectly black square on a sunshiny day ; the 
sunshine is reflected from the white wall, which looks bright, but, 
passing through the hole into the room, is weakened at every en- 
counter with objects there, and very little escapes again out of the 
window. The glowing heart of a furnace is an ideal radiator, for it 
is practically a small hole surrounded by glowing bodies all at one 
high ' temperature. 

“ The paradox of the term ‘ black body ’ appears when we consider 
what happens when we heat the walls of our iron vessel red hot, or 
even white hot. A bright light comes out of the hole, and yet we call 
this ‘black body radiation.’ All that is meant is that it is the kind 
of radiation which comes horn a body that, since it absorbs all radia- 
tion that falls on it, presumably sends out, when heated, as much 
radiation of every kind as possible. The term ‘ complete radiation ’ 
or ‘ full radiation ’ probably expresses to the layman more clearly 
what is meant, but the term ‘ black body radiation ’ is so widely used— 
and gives rise to so much misunderstanding — ^that this word of ex- 
planation has been offered.” 

Distribution of Energy in the Spectrum of a Black Body.— 
In 1800, Hersokbl, in examining experimentally the distribution of 
energy in the solar spectrum, discovered the existence of the invisi- 
ble infra-red rays. He detected them by their heating effect on a 
thermometer placed beyond the red end of the sun’s spectrum. He 
also discovert that the maximum calorific effect was situated in 
the infra-red region. Earlier investigators had located this position 
in the red (crown glass prism) and yellow (water). These di&rences 
are attributable to the absorption of energy in the material of the 
prism. Melloni, using a prism of rock salt, found the maximum 
energy in the infra-red. In addition to the effect produced by selective 
absorption in the prism, it must be remembered that the energy dis- 
tribution will depend on the dispersion produced. To avoid this 
difficulty a normal spectrum should be employed— this is a spec- 
trum in which the deviation is directly proportional to the wave- 
length. This cannot be done with a prism, so that the results of 
the energy distribution in a spectrum must always be corrected for 
this effect, i.e. the distribution of energy in a normal spectrum is 
calculated from that found experimentally in a spectrum which is 
^not normal. 

Lummeb and PsiKasHEiM, amongst others, investigated the distri- 
bution of energy in the spectrum of a black body. The radiation was 
obtained from a uniformly heated cylinder in which there was a small 
aperture^ the temperature being measured by means of a thermo- 
couple. The radiation was focused on a slit by means of silvered 
concave mirrors, and then fell upon a fluorite or quartz prism. The 
use of lenses was debarred on account of selective absorption in them. 
The energy between two neighbouring wave-lengths was measmed by 
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means of a vacuum bolometer. The first bolometer was constructed 
by Lakolby in 1881. The working part of this instrument consists 
of a strip of thin platinum resembling a grating. It is covered with 
lamp-black. The grating is then placed in one arm of a Wheatstone 
bridge. A similar grat- 
ing, but protected 
from all radiation, 
forms part of another 
arm of the bridge— it 
is termed the compen- 
sating resistance. A 
balance is obtained by 
varying a resistance 
in series with this 
compensating resist- 
ance, the two other 
arms being equal 
[compare the Callen- 
dar-Grififiths bridge] . 

Wlien heat falls on 
the active part of the 
bolometer the balance 
is destroyed and the 
current through the 
galvanometer i s a 
measure of the inten- 
sity of the i^adiation 
incident upon the 
bolometer. 

Since the strip of the 
bolometer has a finite 
width it meastires the 
energy due to radia- 
tions over a small range of wave-lengths. 

The results are exhibited in Fig. 16*9. The ordinates are the inten- 
sities and the abscissas the wave-lengths in microns (^),[1^ = 10“-*iimi.]. 
The total energy E, emitted per second, for a given temperature is 



Fig. 


10.9. — Distribution of Energy in the 
Spectrum of a Black Body. 
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and this is represented by the area between the curve corresponding 
and the £c-axis. This area is directly proportional to the fourth power 
of the temperature of the body measured on the Kelvin scale of tem- 
perature— Stefan’s law. 

Wien’s Displacement Law.— The curves shown in the above 
diagram indicate that as the temperature is raided the maximum 
heating effect moves towards the region of shorter wave-length. Wien 
was able to show theoretically that 

Am.T = constant = 0*294 cm. deg. K, 

where Im is the wave-length corresponding to the maximum value 
of E. This is known as Wien’s displacement law. 
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The Stefan-Boltzmann Law* — ^We have akeady seen how Stefan, 
in 1879, basing his argument on an experiment due to Tyistdaxl, 
suggested that the total energy emitted per second from a hot body 
was directly proportional to the fourth power of its temperature on 
the Kelvin scale. If we consider the energy due to radiations whose 
wave-lengths lie between A and 2 + zfA to be p©r second per 

unit area, then the total energy emitted per mit area per second is 

AOO 

given by E = I This, by Stefan’s law, is uT^ where <7 is the 

Jo 

Stefan-Boltzmann constant. It is associated with the name of Boltz- 
mann since he established Stefan’s law theoretically, the clue to his 
argument having been provided by Maxwell, who showed that all 
radiations exert a pressure on any surface upon which they are incident. 
The value of or is 

5*71 X 10-“® ergs. sec.“”^ cm.”® deg.-"* K. 

= 5*71 X 10“^® watts, cm. deg.” * K. 

Lxjmmbr and Pbingsheim, in 1897, verified the validity of this 
law for a black body over a large range of temperatures, but their 
apparatus is too complicated to be considered here. 

Solar Radiation and the Solar Constant.— An interesting prob- 
lem arising in connexion 
with solar physics con- 
cerns the rate at which 
the sun emits energy. 
The amount of such 
energy etpressed in 
calories falling per minute 
on an area of 1 cm.* 
placed normal to the 
rays and situated out- 
side the earth’s atmo- 
sphere is termed the 
solar constant, 

Langley made the 
first reliable determina- 
tion of this constant. 
In his work he made 
corrections for the selec- 
tive absorption, i.e. the 
. absorption of different 
WBYC'len^b of the diffcpsnt kinds of light rays to different extents. 
Fig. 16*10. — ^Langley’s Curves for the distri- of the^ atmosphere. A 

bution of energy in^ the Solar Spectrum. /diffraction grating was 

used to separate out the 
different wave-lengths and the heating effects of consecutive small 
parts of this spectrum were measured with the aid of a bolometer. 
He examined in this way the distribution of energy in the solar spec- 
trum, (i) at noon and (ii) when the sun’s rays passed through twice 
the thickness of air. The curves he obtained are shown in Fig. 16*10. 
Curve (iii) is constructed from (i) and (ii) by drawing ordinates such 
that, for example, 

QS ”“RS’ 
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It may be shown that curve (iii) is the curve he would have obtained 
if the observations had been made outside the atmosphere. 

Now the area under one of these curves is a measure of the total 
heat received. Langley found that 

Area of (i) 

X-57 

Area of (ii) 

so that the area of (iii) is 1‘57 times that of (i). 

Langley then measured the total heat received per minute per 
1 cm.® area of a surface normal to the sun’s rays at noon on a clear day 
by using a special form of calorimeter known as an actinometer. When 
this result was multiplied by 1*67, he obtained 2*84 cal. cm.-® min.~^ 
as the value of the solar constant. 

Emissive Power.— The rate at which heat is lost from the 
surface of a body depends, as we have seen, upon the nature of 
the surface, the difference between its temperature and that of 
its surroundings, and on the 
material which constitutes 
the given body. 

The emissive power of 
a surface is defined as 
the ratio of the amount 
of radiation emitted per 
unit time by unit area of 
the surface to the amount 
emitted per unit time by 
unit area of a perfectly 
black body, the emissions 
taking place under identical conditions. The emissive powers of 
different surfaces may be compared by the following method due 
originally to Pbovostaye and Desaiks*: — ^A thermopile, T, Eig. 
16*11, connected to a galvanometer, G, is placed about 50 cm. 
from a Leslie’s cube, L, containing boiling water, the vertical sides 
of which are coated with various substances whose emissive powers 
are to be compared. Two screens, M and M^, having openings at 
their centres, are placed as shown. The outer surfaces of these 
screens are covered with lamp-black while the inner ones are 
polished. By this arrangement any radiation from L upon the 
outer surface of M is absorbed while any radiation from M to T 
is diminished. also diminishes this, and at the same time 
prevents any radiation which may fall on its outer surface from 
extraneous sources from being reflected towards T. The currents 
in the galvanometer are proportional to the emissive powers of the 
surfaces responsible for the radiation. 

Absorption of Radiation.— Let a quantity of energy equal to 
Q fall .on a surface every second and suppose that a quantity Qj 



M Mj 


Fig. 16* 11. — Comparison of Emissive 
Powers. 
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is absorbed in the same time. 


Q 


The ratio ^ is termed the coefficient 


of absorption or absorptive power of the surface. Relative 
values of the absorptive powers of different surfaces may be com- 
pared by a method first adopted by Peovostaye and Desaiis'S, 
but a determination of the absolute value of the coefficient of 
absorption is difficult. A thermometer having its bulb coated 
with the substance under investigation is placed inside an enclosed 
box and a convex lens is employed to cause radiation to fall on the 
bulb. The bulb eventually assumes a steady condition in which 
the heat gained by absorption is equal to that lost by radiation : 
call this temperature The thermometer is now , warmed to a 
somewhat higher temperature than and the rate at which it 
cools is observed and a cooling curve constructed. From this 
curve the rate of cooling at the temperature di is deduced. Let 
this rate of cooling be a i. Then the heat lost per second by the 
bulb is moci cal, where m is the thermal capacity of the bulb. 
This may be written Jmai ergs, sec.“~^j where J is the mechanical 
equivalent of heat. Under the steady conditions here obtained, 
this is equal to the heat absorbed per second by the bulb, viz. 
AiQ where Ai is the absorptive power of the substance on the 
bulb, and Q is the amount of radiation [ergs.] incident upon it 
per second, i.e. Jmoci = AiQ. 

Similarly, when a second substance is on the bulb, 


hence 


Ai __ oci 
A.2OC2 

To Verify directly that the Emissive Power of a Surface 

equals its Ab- 
sorptive Power.— 
For this purpose the 
apparatus shown in 
Fig. 16*12 may be 
used. It is a modern 
form of Ritchie’s 
apparatus and con- 
sists of a Leslie’s 
cube filled with 
water which is kept 
boiling by passing 
a large current 
through the heating 
con A. This coil 
should preferably be wound on a mica frame and the leads 
to it pass through ebonite blocks in the lid of the cubcv The 
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two surfaces Q and R of this cube (made of copper) are 
polished and lamp-blacked respective! j. T? and S are two thin 
copper sheets of the same ske and thickness and arranged at 
equal distances from Q and R respectively. P is lamp-blacked, 
while S is polished. Immediately behind P and S are sheets of 
asbestos to assist the retention of any heat received by these plates. 
At the centres of P and S are soldered the ends of a constantan 
wire. A galvanometer 6 is connected to copper wires leading 
from the edges of the plates P and S. The galvanometer is then 
in series with a copper-constantan thermocouple. X and Y are 
two wooden screens which are removed when the water boils 
steadily. When this is done the galvanometer remains undeflected 
showing that there is no temperature difference between the junc- 
tions of the thermocouple, i.e. the heat received per second by S 
and P is the same. 

A more instructive method of carrying out this experiment is 
as follows : ojie of the screens, say X, is removed and the galva- 
nometer deflexion observed. When the screen Y is subsequently 
removed, the above deflexion is reduced to zero, showing that the 
amounts of heat received by P and S are equal. 

Let H be the heat (ergs.) emitted from R per second. Then the 
heat received per second by S is ocAH, where A is its absorptive 
power and a a coefficient depending on the disposition of R and S. 
Let E be emissive power of Q (and S). Then the heat emitted from 
Q per second is EH— see the definition of emissive power on p. 315. 
Since the disposition of P and Q is the same as that of R and S 
the amount of heat received fr’om Q by P in one second is aEH X 1, 
since the absorptive power of a lamp-blacked surface is unity. 
Hence, since the heat received by S is equal to that received by P 
in the same time, we have aAH = aEH, i.e. A == E. 

Newton’s Law of Cooling. — ^If a body is suspended in air 
and surrounded by a vessel whose walls are at a temperature 
lower than that of the body itself, Newton’s law of cooling states 
that the rate of loss of heat [in calories per unit time] 
from the body at any instant is directly proportional to the 
excess of temperature of the body over that of its surround- 
ingSp if other conditions remain constant. Experiment has 
shown that this law is true only providing that the temperature 
difference between the body and the surroundings is not large. 

To verify this law the apparatus shown in Fig. 16*13 may be 
used. A copper sphere, about 4 cm. in diameter, is suspended 
by three fine wires. The bulb of a mercury-in-glass thermometer 
or one junction of a thermocouple, is inserted in a hole drilled in 
the sphere. Good thermal contact between the bulb and the 
thermometer is obtained by filling the hole with mercury. The 
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sphere is raised to the desired temperature by heating it on a hot 
sand bath. The latter is then removed and the sphere suspended 
within an enclosure whose walls are at a 
known temperature : a cooling curve is 
constructed from observations on the tem- 
perature of the bulb at different times— 
see Kg. 16'14; (a). 

The rate at which the temperature of 
the body at different times is changing 
is ascertained in the manner indicated on 
p. 196. A graph showing the relation be- 
tween the rate of cooling and the excess 
temperatrue is then plotted — see Fig. 
16-14 (6). But further considerations are 
necessary before the shape of this graph 
will enable us to find out whether or not 
Newton’s law of cooling is true. This 
law refers, to a rate of loss of heat [num- 
ber of calories lost per unit time], whereas 
we have only dealt with the rate of cool- 
ing [change in temperature per unit time]. 
Suppose the temperature of the sphere 
falls by an amount AO in time At. 
The mean rate of cooling during this 



Ad 

interval is and in this time the heat 

lost is (MS -f ms)Ad, where M is the mass of the copper, m that 
of the mercury, 8 the specific heat of copper, and s that of mer- 
cury. The rate of loss of heat is 

(MS + ms)^. 


From this we see that the rate of cooling is proportional to the 
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rate at wMoh heat is lost, only if the thermal capacity of the sphere, 
etc., is constant. These are constant if the specific heats S and s 
are constant. This is the reason why a copper sphere was selected. 
Hence a straight-line relation between the rate of cooling and the 
excess temperature is, in this instance, a verification of the validity 
of Newton’s law of cooling over the range of temperature in- 
vestigated. 


Example, A copper ball cools from 62° C. to 50° 0. in ten minutes, 
and to 42° C. in the next ten minutes. Calculate its temperature at 
the end of the next ten minutes. 

Let C. be the room temperature. The average rate of cooling in 
the first ten minutes is 1*2° per minute and tins may be taken as 
the rate of cooling at the mean temperature 56° C. Since this is pro- 
portional to the excess temperature (the thermal capacity of the ball 
being constant), we have 

1-2 = /f{56 - t) 

where k is a constant. Similarly for the next ten minutes 
0*8 «(46 - t). 

By division we have 

1-5 - (56 - iJ) (46 - t). 

Therefore i = 26*0° C. Whence k = 0*04 min."*^. 


Let 6 be the temperature at the end of the next ten minutes. Then 
(42 — 6) 

the rate of cooling is — — , while the mean temperature is 


0*6(42 -1- 0). Hence by Newton’s Law, 

0*1[42 ~ 6} = 0*04[0-5(42 + 0) - 26]. 
Hence 6 « 36*7° C. 


Surface Emissivity.—The surface emissivity of a body is 
defined as the quantity of heat lost per unit time per unit 
area of its surface per degree excess temperature. [N.B.— 
The heat is lost by radiation, by conduction, and by convection.] 
To determine the surface emissivity of copper the apparatus shown 
in Big. 16*11 may be used. The rate at which the temperature of 
the body is changing at any instant is ascertained in the manner 
previously indicated. Let this be a degrees per second when the 
temperature excess is 0. The heat lost per second under the above 
condition is (MS + 7m)a, Tins is equal to 4:7ir^ad, where a is the 
surface emissivity of copper. Hence or is given by 


O' = 


(MS + ms)(x 
4ijtr^d 


cal. seo.“^ cm.“^ deg.“^ 0., 


if, as usual, the temperature is expressed on the Centigrade scale, 
and the other quantities in C.6.S. units. When the excess tem- 
perature is large, a is not a constant for a given surface. 

The Dewar Flask.— The Dewar or thermos flask was designed 
for the specific purpose of diminishing the rate of exchange of heat 
between the contents of the flask and its surroundings. Originally 
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it was Stween^te double waUs being 

is generally made o 8®' > yacuum. This constitutes the best- 
exhausted to a very hig bv conduction and con- 

b.»„ obstaole ■>» 

vectlon ; it » ^ ^ vacom. ^ th. »te at 

Si bLme. a poor radiator of 

Sst the inner wan of the outer vessel reflects 

r^ladiant «»rgy it do« 
the waUs only, however, would not make these 
flasks efficient for the air remammg between the 
waUs would stai assist in the transfer of heat 
between the contents of the flask and^the sur- 
roundings. Similarly, if the waUs are 
but the^ space between them is_ 

efficiency of the flask is low smce 

transfer of heat by radiation has not ^ a cork 

of the flask is This cork 

[but not when hquefied gas^ feltTeaching the interior of the 
farther reduces the amount ^® ^ lotect the flask ftom 

examples XVI 

how you ®®“^er calorimeter of the same dimensions. 

K/ptof ot ftp »««•. « «>» d-tttoto'y 

of the material. (L*) r.k nal des.-^ C. is observed 


1 t*; 

V — 

Fig. 16-15.- 
A Dewar Flask. 
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CHAPTEB XVn 

# GENERAL INTRODUCTION 

The earliest investigations concerning the nature and behaviour 
of light were probably made by the ancient Eg3^tians, Theic 
work was followed by that of the Greeks ; the early physicists 
[Pythagobas and his followers, 580 b.o.] believed that the eye 
simulated an octopus. The tentacles, which were supposed to 
project from the eye, seized an object and illuminated it. 
Democbitus (510 B.o.) held the opposite view, for according to him 
the images produced on the retina of the eye arose from something 
which was emitted from the object. Plato [430 b.o.] tried to com- 
bine Ijie two theories ; he regarded light as a phenomenon produced 
by the collision of emanations from both the eye and the object. 
It is believed that Plato and his disciples enunciated two of the 
fundamental laws of light, viz. that light travels in straight lines, 
and that when it is reflected from a mirror the angle of incidence 
is eq[ual to the angle of reflexion. Aechbibdbs — “ The Father of 
Physics ’’-—who lived about 287 b.o. was a capable experimentalist, 
and when the Romans attacked Syracuse in 212 b.o. it is said that 
this ancient philosopher constructed huge mkrors with which he set 
fire to the enemy ships which were lying at anchor. By a.b. 100 
Ptolemy had become acquainted with the bending of light which 
occurs when light passes over the boundary between two trans- 
parent media. From then onward the progress of this science was 
slow, but it is interesting to learn that our own countryman, Eogeb 
Bacoh^ [1214], was interested in optics, and that his knowledge 
of burning glasses [lenses] and mdrrors was clear. Then came 
CoPEBNicTTS [1473], Galilei Galileo [1564], and Kbpleb [1571], 
to whom the nature of light began to reveal itself , Gahleo invented 
the telescope and made many contributions to the science of optics. 

Sm Isaac Newtoit [1642-1727] carried out many researches 
.^^ding optics and before long showed that white light was hetero- 
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geneous. He regarded a beam of light as a train of corpuscles which 
impinged upon the retina and stimulated the sensation called 
vision. Ne^on had shown that all material bodies attracted one 
another, so he naturally supposed that these light corpuscles were 
attracted by a transparent medium — ^this attraction was the cause of 
refraction. In order to account for the reflexion of light Newton 
developed his so-called “ Theory of Fits,” according to which some 
of the corpuscles were attracted by the medium and some repelled. 

At the beginning of the nineteenth century Yoxnsra and Feesml 
introduced the wave theory of light, confirming their theory by 
actual experiment. They showed that light could bend round 
corners and that this could be accounted for if light consisted of 
waves. Since then the wave theory has been developed in the hands 
of Maxwell, Kelvto, and others. Whether or not the wave theory 
is to be the ultimate truth regarding the nature of light is not 
known ; at present there are several ideas extant, but they cannot 
be discussed in this book. 

The ^ther and Light Waves. — In the Wave Theory of Light 
the object, which is seen, is the source of the light waves, and some 
medium is supposed to be necessary for the propagation of these 
waves. It is at once obvious that the air is not the transmitting 
agency for the stars are visible although there is every reason to 
believe that the interstellar space is void of matter. Young 
imagined that an all-pervading medium, the set her, was responsible 
for the conveyance of lunainous energy. Light waves are similar 
to those which spread over the surface of a pond into which a 
stone has been thrown ; small objects floating on the water merely 
move up and down while the waves pass by-— the objects are not 
carried forward although the waves travel in that direction. 

When the fight waves are incident upon any smaU object the 
fight is scattered — a beam of sunlight entering through some small 
hole into a darkened room is not visible except for the small motes 
present in its path. These dust particles become visible because 
they scatter the fight which is incident upon them, thereby indicat- 
ing the path of the beam of light. When the beam from a search- 
light caimot be seen, if an object, such as an aeroplane or distant 
ship, comes into the beam that object is vividly iiluminated. Such 
phenomena show that a beam of fight is not visible unless it is 
incident upon some object. 

Rays and Pencils of Light.— The path along which light energy 
travels is called a ray. Since light consists of very small waves, 
rays have no real physical existence, but the conception of a ray 
is useful m that it simplifies our calculations. The branch of this 
subject which deals with rays is called Geometrical Optics to 
distinguish it ir om Physical Optics, in which the wafe motion 
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is coBsidered. It must be carefuEy noted, howex^er, that a result 
which has been obtained by means of geometrical optics is not 
necessardy true ; unless the same result can be inferred from 
physical optics the result must be viewed with suspicion. When 
a bundle of rays proceeds from the source in some particular direction 
that bundle is generally referred to as a beam or pencil of light. 
If the light rays tend to open out as they proceed from the source, 
the beam is said to be divergent ; if the rays tend to pass through 
a point then the beam is convergent ; if the rays remain parallel 
.the beam is termed a parallel one. 

The Rectilinear Propagation of Light. — ^That light rays travel 
in straight lines in a homogeneous medium is the foundation upon 
which the science of geometrical optics has been built. To show 
that light travels in straight lines the following experiment may be 
made. If three screens (metal sheets) are each pierced with a small 
hole, and held between a source of Hght and the eye, the source is 
only visible if the holes are collinear, i.e. in the same straight line. 
A sHght displacement of any one of the screens and the source is no 
longer visible. Later on we shall learn that light waves do bend 
round corners but that it is because their wave-lengths are so 
short and the amount of bending therefore smaU, that such eSects 
were not noticed until about the end of the eighteenth century. 

Shadovtrs. — The formation of a shadow is a natural consequence 
of the fact that light travels in straight Hnes. If a pointolite lamp 
is placed at some distance away from a vertical brass tube several 
inches in diameter, a well-defined shadow is found on a screen 
placed a little dis- ^ 

tance away from 
thetube. Ifseveral I * 

of light are used, w Umbr^ B 

then each one casts H 

a distinct shadow. — J B ^ 

When the pointolite ^ 

lamp is replaced by 

an ordinary metal ^ ^ ^ ^ 

- Fig. Formation of Shadows, 

nlament lamp a o, 

each point in the filament casts a shadow ; the result is that many 
shadovrs of the object are produced and these may, or may not, 
overlap. The dark region from which all direct light is excluded 
is called the umbra, ED ; where the half-shadow or penumbra 
region occurs the screen is receiving light from some fraction of the 
source and is therefore partly illuminated, CE, PD. Beyond the 
region of the penumbra the screen is fully illuminated. The 
formation of such shadows is illustrated in Pig. 17*1. 




Fig. Formation of Shadows. 
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Eclipses. — Solar and lunar eclipses are the results of the forma- 
tion of shadows by the moon or earth, the sun being the source of 
light. If the moon, during its j ourney in space, moves into a position 
between the sun and the earth, a portion of the sunlight falling upon 
the earth is intercepted and there is an eclipse of the sun. If an 



observer is in the umbra, A, the eclipse is complete — at regions in 
the penumbra, B, the phenomenon of a partial eclipse may be seen. 
The state of things during a solar eclipse is shown in Fig. 17.2. 

An eclipse of the moon occurs when the earth is in such a position 
that it intercepts the sunlight which would otherwise have rendered 
the moon luminous. 

Ehotombtby 

Light as a Measurable Quantity. — We have already seen that 
when light falls on the blackened surface of a thermopile a rise in 
temperature of this surface takes place. This rise in temperature 
is a measure of the energy in the light waves. Hence the total 
amounts of energy emitted by two light sources might be compared 
by placing them in turn at the same distance from a thermopile, 
and observing the deflexions of a galvanometer placed m series 
with the. thermopile. The ratio of these deflexions is tii^atio of 
the total energies emitted by the two sources in a given time, since 
the rise in temperature is proportional to the deflexion. Unfor- 
tunately, however, this ratio is not a measure of the comparative 
brightness of the two sources, for the brightness depends on the 
wave-length. Hence the calorimetric or physical method of com- 
paring light sources must be replaced by a photometrlo or 
physiological test when the relative brightness of light sources is 
being estimated. Moreover, persons differ in then: opinions regard- 
ing the brightness of various lights so that instruments m 
used ff the lights are to be compared accurately. An instrument 
for this purpose is termed a photometer, while this particular 
branch of optics is termed photometry^ 

Light Standards.— Since, in the science of photometry, we 
have to compare the intensities of different light sources it becomes 
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imperative to select some standard source of light as a unit in 
which all other intensities may be expressed. This standard must 
satisfy the demands made upon all standards, viz, it should be 
constant, or at most only subject to slight variations which can 
be allowed for when the standard is in use, and it should be in- 
dependent of the observer who sets up the standard providing he 
pays attention to certain specified details, i,e. it should be repro- 
ducible from speoification. Moreover, the spectral distribution of 
its light [of. p, 407] should ap- 
proximate to that of the source 
compared with it. 

The oldest form of standard is 
the spermaceti candle | inch in 
diameter, having a mass of | lb., 
and burning at a rate of 120 grains 
per hour. Variations in the shape 
of the wick and the fact that the 
luminosity of the flame is influenced 
by the water content and tempera- 
ture of the air prevent this candle 
from fulfilling the requirements of 
a primary standard, so that it has 
been replaced by the Vebnok- 
Haboouet pentane standard. This 
is shown in Mg. 17*3. Liquid 
pentane, a highly inflammable 
substance, is contained in the 

saturator A. A mixture of air 
and pentane vapour passes from A 
to th^steatite burner E via the 
rubber' lube B. Here it is burnt 
and the products of combustion 
escape up the tube H. These 
warm the air in the tube 0 
surrounding H and this air passes 
into M where it is cooled ; it then descends at a constant 
rate along D to the burner. The percentage of air in the 
pentane-air mixture is controlled by adjusting the stop-cocks 
Si and Sa and the cone K. A regular evaporation of the pentane 
is established by heat passing along the bracket supporting the 
saturator. The flame is protected from draughts by a coUar F and 
the top of the flame is hidden from view by the lower end of 
the tube H. 

The special features of such a lamp are that the vapour which is 
burnt has a definite chemical composition and that the combustion 
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takes place under definite conditions. The flame is adjusted to a 
fixed height and an opening of definite size in a metal cone surround- 
ing the flame permits only the light energy from a definite area of 

the flame to be used. 

This lamp has an intensity equal 
to that of about ten spermaceti 
candles so that the unit of 
candle-power — the international 
candle — ^is now defined as one- 
tenth that of a pentane standard 
lamp. 

For many purposes it is sufficient . 
to use a sub-standard lamp such as 
that indicated in Mg. 17*4. This 
lamp has its filament, in one plane 
and this is arranged perpendicular 
to the axis of the photometer 
Fig, 17*4:.— Liglat Standards N.PX. i>ench when in use. When a 
Sub-standard Lamp. definite constant voltage is applied 

to the lamp its intensity is very constant. 

Definitions used in Photometry.— (i) Luminous Flux or 
Qu*antity of Light Energy. Luminous flux is defined as the 
rate of passage of light energy evaluated with reference to the 
luminous sensation it produces. The umt of luminous flux is the 
lumen ; this is the amount of luminous energy received per 
second by unit area of a sphere of unit radius when a uniform 
point source of one international candle is placed at the centre of 

the sphere. . 

(ii) Intensity of Illumination. The intensity of tllumtna^ 
tion of a surface is defined as the quantity of light falling normally 
on unit area of that surface per second. 

If Q is the luminous energy emitted per second by a uniform 
point source, then the intensity of iUumination at a point distance r 
horn it is measured by Q/4jrr^, since this amount of energy is received 
per second by unit area of a sphere drawn round the luminous point 
as centre. The intensity of illumination of a surface is usually 
expressed in foot-candles or in metre-candles. Thus, the statement 
that the illumination of a surface is four metre-oandles implies 
that it is the same as if it were illuminated by four standard 
candles placed at a distance of one metre &om it . A metre-candle 
is termed a 

(iii) Luminous Intensity or €andle Power.— Let us assume 
that a sphere has been drawn round a luminous point emitting 
light equally in an directions, the luminous point being at the 
centre of the sphere. Then the amount of light falling on unit 
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area of this sphere per seoond is directly proportional to the 
quantity of light emitted by the source in the same time. 
Now the illuminating power or luminous intensity of a 
source is numerically equal to the ratio of the quantity of 
light falling per second on unit area of such a sphere 
to the amount which falls from a point source of one 
international candle in the same position on the same area 
in the same time* The illuminating power of a light source 
is expressed in candle-power. ^ 

The Inverse Square Law. — The fact that a light becomes 
fainter the more remote it is from an observer, is well known. The 
manner in which the light becomes fainter may be calculated as 
follows. Let S, Mg. 17-5, be a point source of light, or radiant, 
situated at the centre of a sphere A. Let Q be the total quantity of 
light emitted per seoond by the source. The quantity of light 
falling [normally] per second on unit area of A, a sphere of radius 

^ Similarly, when the first sphere is removed, the quantity 




of light falling on unit area of a sphere of radius per second is 
^ Hence 




Q 

Intensity of illumination of A _ ^ 

Intensity of illumination of B Q 


2 ’ 


i.e. 


h 




r 2 

"a 


i.e. the intensity of illumination varies inversely as the square of 
the distance from the source of light 
[strictly, only if the distance is large 
compared with the linear dimensions 
of the source which, in the above 
argument, has been assumed to be a 
point source]. 

The above formula may also be 
obtained from the fact that the quan- 
tity of light falling on a portion ab of 
the sphere A per seoond would, in the 
absence of A, fall on an area cd of the 
sphere B, and that these areas, being 
geometrically similar, are proportional to the squares of the radii 

and respectively. 

If P is the illuminating power of a source of light placed at the 
centre of a sphere of unit radius, the intensity of iHunaination at a 
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point on the surface of this sphere will be P times that produced 
by one international candle placed in the same position : if the 
source of light of candle-power P is at the centre of a sphere of 
radius r, then the intensity of illumination at a point on the 


sxuiace of this sphere will be times that produced at the 


surface of a sphere of unit radius by an international candle placed 
at its centre. Hence, if two sources of candle-powers Pi and P^ 
are arranged so that they produce equal intensities of illuminations 
on screens of the same nature at distances fj and fg from them 
respectively, then 

In comparing the intensities of illumination at two surfaces, it 
must be remembered that these intensities are judged by the 
brightness of the surfaces, i.e. by the light reflected from them. 
It is therefore essential that the reflecting powers of the two surfaces 
should be equal, where, if is the quantity of light reflected jfrom 


a surface when a quantity q falls upon it, the ratio ~ is termed 


the reflecting power of the surface. 

Rumford's Photometer. — ^This simple arrangement for com- 
paring the candle-powers of two sources of light is shown in Pig. 17*6. 



In front of a white screen there is placed an opaque rod 0. If 
M and N represent two sources of light to be compared, then two 
shadows are thrown on the screen placed behind the rod. The 
portion A of the screen, which would be the portion of the screen 
covered by the shadow of C when M is the only source of light 
present, is not completely dark when the two sources of light are 
present because it receives light from N ; similarly, B receives light 
from M. The two sources of light are moved until the shadows 
A and B are just touching, and xmtfl the shadows cannot bp 
differentiated from one another. The shadows are caused to touch 
since experience teaches that the equality may best be judged under 
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these circumstances. When such conditions have been obtained 
In Pn . Pm BM2 
BM^ 


>^...- ifi . 

Pn 


AN® 


where P^ and P„ are the candle-powers of the lamps at M and N 
respectively. 

Bunsbn^s Grease-Spot Photometer. — ^The modem form of 
Btthsek’s photometer, Fig. 17-7, consists essentially of a grease spot 
on a piece of paper, the two sources of light which are to be com- 
pared being placed one on each side of it and on a common normal 
to the paper. The plane mirrors Mj and Mg are inclined to the 
grease spot [shown dotted] so that an observer may view both 
sides of the greased paper at once. . 


A 

o* 





Fig. 17*7. — ^Bmisen’s Photometer. 

If and are the quantities of light emitted per second by 
the sources being compared, then the intensities of illumination at 
the screen due to the lamps are 

^ and 
4^ra^ 4^ri,^ 

respectively, i.e. these fractions give the amount of light falling 
on unit area of the screen per second. Let aci be a quantity 
(0<^ai<[ 1) such that cci is the fraction of the light falling on 
the opaque portion of the disc which is received by the observer ; 
then ai will depend on the reflecting power of the surface, the 
obliquity of the screen with respect to the line of vision, and on 
the diameter of the pupil of the observer's eye. Then if the eye 
is placed in a S3nnmetrical position with respect to each side of 
the disc, the amounts of light entering the eye, E, per second are 

^i9sl and 

from unit areas of the two sides of the opaque portion. 
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Sine© the reflecting power of the opaqn© portion of the disc 
is different from that of the waxed portion it follows the light 
reflected from unit area of this per second and received at E will be 

4^ra^ 4:7trb^ 

where aaT^oti* But some light is also transmitted by the waxed 
portion. If unit quantity of light falls on a unit area of the waxed 
portion let ^ be the fraction of this which is received at E after 
transmission through the disc. Then, on the L.H.S., the amount 
of light received from unit area of the waxed portion of the f disc 
per second is 

Hence the total light per second from unit area of the L.H.S. 
of the waxed portion of the disc is 


The fraction 


4:7rrfl^ 

1 r 'vv 

«aQa 

L 


^ 4mrb^ 


CtiQa 


may he considered as a measure of the contrast between the waxed 
and opaque portions of the disc on the L.H.S. 

Similarly, on the E.H.S,, the contrast may he expressed by 
the fraction 

CCiQb 

The experimental determination of the ratio of the candle-powers 
of two lamps with the aid of the Buiisen grease-spot photometer 
therefore consists in adjusting the positions of the lamps with 
respect to the screen, until there is equality of contrast between 
the waxed and opaque portions on each side of the disc. Then 

' OaOa , OC2Q6 I 




ra^ 


OCiQa 


Qg Q& 


QCiQ& 


or 
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To commence tlie above experiment, the lamps A and B are 
fixed about two metres apart and the grease spot moved nntfi 
the above equality of contrast exists. The ratio of the candle* 
powers may then be computed, 

[The remarks made above with reference to the light reflected 
from the opaque portion of the disc apply to any photometer in 
which such a surface is used, and will not be repeated.] 

Abney’s Variable Sector Photometer, — ^Instead of varying 
the relative distance of the two sources j&rom the photometer disc, 
a matter of some inconvenience when one source is much stronger 
than the other, Abney kept them at equal distances from it, and 
reduced the effective intensity of the stronger light by means of 
a rotating sector situated in front of the light source. This sector 
consisted of a circular disc from which a sector had been removed. 
The angular width of this opening could be varied whilst the disc 
was actually running. 

The experiment therefore consisted in adjusting the angular 
opening in the disc until, with the two sources at equal distances 
from the disc of a photometer, equality of illumination (or of 
contrast in the case of a grease spot photometer) was obtained. 
If n is the measure of the angular opening in radians and P the 
candle-power of the standard source behind the sector, then its 
effective candle-power is 



and this is the candle-power of the light which is being compared 
with the standard lamp. 

To test the accuracy of the above factor nj^i, the candle-power 
of a lamp is compared with that of a standard lamp. Let these 
candle-powers he Pj and S respectively, the distances of the. lamps 
from the photometer disc being r j and b. Then 

The sector is then placed in front of one of the lamps — say Pi— 
and rotated rapidly : there is no question of any flicker [of. p. 334], 
The distance of Pj from the disc is altered until the field of view 
is as before. Let r g be this distance. If Pg is the effective candle* 
power of Pi when this is behind the sector, then 


Pg^S 



The reduction factor for the disc is therefore Tg^/n®* This should 
"be; .equal to «i/%. ' , 
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The sector may therefore be standardized for various settings of 
its aperture and then used in connexion with a photometer. The 
above standardization is only necessary when is small. 

The Lummer-Brodhnn Photometer.— This photometer is of 
great use in accurate work on photometry and it is depicted in 
Pig. 17-8 (a). A screen S is made of some pure white material, 
such as barium sulphate, and its opposite faces are illuminated by 
the two lamps situated at A and B, which are to be compared. 
Two mirrors are placed at Mj and whilst P is a combination of 
two right-angled prisms. The outer portion of the base of one of 



these prisms has been ground away so that the prisms are only in 
contact over the central region of their bases. Good optical contact 
is here obtained by coating this region with Canada balsam. The 
complete outfit is enclosed in a blackened box. Light from A is 
scattered at S, some of it falling on to Mj where it is reflected on 
to the nearer face of the prism, P. The light enters the prism 
and that portion which falls on the central region is transmitted 
through the prism, whilst the other portion is reflected from that 
part of the base of the first prism which is not in contact with the 
second one. light from B follows a similar path, and the portion 
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entering the microscope is that which does not traverse the central 
region— see Fig. 17*9. There are now two light beams entering 
the microscope D, so that the field of view consists of two nnequally 
illuminated portions when the microscope is focussed upon the 
central portion of the bases. The positions of the lamps are adjusted 
so that the two sections of the field of view are equally bright. The 
usual relationship holds. The head attached to S is then rotated 



through 180® and the experiment repeated. The mean of the 
results thus obtained eliminates any effects arising from the fact 
that the two sides of S may not be identical. This photometer 
is fundamentally more scientific than the others which have been 
described, principally so because the sources are both viewed with 
one eye, s5 that any difference which may exist between the eyes 
of an observer is of no consequence. 

Heterochromatic Photometry, Flicker Photometers.— 
Heterochromatic photometry deals with the comparison of the 
intensities of lights differing in colour. In the use of the photo- 
meters so far described it was assumed that lights whose intensities 
were being compared were the same in colour, and the light re- 
flected from the sc was the same in tint. Even so, in actual 
practice it is generaly found that such conditions are seldom realized 
and this is a very disturbing factor since the eye is a very good 



834 


omcs 


Judge of small differences in colour. In order to overcome such 
difficulties and to compare the intensities of light sources exhibit- 
ing marked differences in colour, flicker photometers have been 
designed. Now although no two surfaces, each illuminated by a 
light of different colour, can ever be said to be equally bright in 
the strict sense of the word, yet actual experiment shows that it is 
possible to obtain a reliable estimate for the ratio of the intensities 
of the sources if it is agreed that two surfaces are equally 
illuminated when, upon rapidly alternating one with the other, no 
sensation of flicker appears, the speed of alternation being such that 
the slightest change of either illumination produces a flicker. 

The flicker photometers used in heterochromatio photometry owe 
their applicability to the fact that when two different colours are 
presented alternately in increasingly rp/pid succession to the eye, 
colour fusion occurs before brightness fusion. This statement 
means that over a small range of frequencies of alternation the 
field of view appears to be one definite tint in which there is a 
distinct flicker. This flicker disappears either if the speed of 
alternation is increased much beyond this stage or if the intensities 
of the two lights bear a certain relation to their distances from the 
illuminated screen. The first condition is not a criterion from which 
the intensities of the sources may be compared. If the lights are 
identical in colour, and their distances from the screen adjusted 


where the 


P P 

until the flicker disappears, it is found that -1= 

symbols have their usual meanings. This is the equation ordinarily 
used in photometry. When the lights differ in colour, the speed 
of alternation lying within the critical range, the distances of the 
lights from the photometer are adjusted until the flicker disappears 
and the above equation is used to compare the candle-powers of the 
two som'ces. 

The essential part of the SnuMAi^-CE-ABADY Flicker Photometer 
is a plaster disc constructed as follows : In the upper portion of 
Fig. 17d0 (a) two cones are shown, the dotted portions having 
been removed. The parts ABC and DEF are then placed together 
to form a wedge, the shape of which can be gathered from Fig. 
17*10 (b). The compound disc is mounted as shown in Fig. 17*10 (c), 
and may he rotated about a horizontal axis, GH, with the aid of 
a clockwork motor, K. M is a low-power microscope for viewing 
the edge of the disc as it rotates. The portion of the disc thus 
seen is illuminated hy the sources of light whose intensities have 
to he compared. Let us suppose that it is illuminated by a light 
placed on the left-hand side of the diagram. The illuminated 
surface, as the disc revolts, will pass successively through the 
stages shown in the diagrams I to 17, Fig. 17*10 (d) ; the con- 
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ditioBs indicated are those which arise when the disc has rotated 
throngh successive right angles. 

Providing that the speed of rotation is within the limits 
just stipulated, a flicker will be noticed. If a second light 
illuminates the other surface of the disc, in general, the flicker 
will persist, but it may be caused to disappear by adjusting the 
distances of the sources from the photometer. The two surface 
will be equally illuminated when this adjustment has been made, 


1 ) 



Fig. 17*10. — Simmanee-Abady Flicker Photometer. 

and the relative intensities of the two lights then be calculated 
in the usual way. 

Another flicker photometer is shown in Pig. 17*11 (a). AB and 
CD are the traces of two vertical white screens, mounted as in- 
dicated. AB is fixed) but the other screen is capable of rotation 
about a horizontal axis, EP, and consists of four sectors in the 
form of a Maltese cross. The angular width of the opaque portions 
equals that of those which have been removed. Pj and Pg are 
the sources of light placed so that AB is illuminated by Pj and 
CD by Pg. A low^power microscope, M, is used to view a portion 
of the screens by the light scattered from them. If the sector is 
stationary the field of view is similar - to that indicated in Pig. 
17*11 (6). When the sector is m^ade to rot^^^ means of the 
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motor provided, the field attains a tiniform tint in which there is 
a distinct flicker at a certain speed ; this is maintained and the 
distances of the two sources varied until the flicker vanishes. 


Then, with the usual notation, = - 


We are justified in writing down this equation since, owing to 
the special shape of the disc, the candle-power of each lamp has 
been, in effect, reduced by the same amount. 



Solid Angles. — ^Let AB, Fig. 17d2 (a), be a portion of a surface 
and O a given point. If ffom 0 a series of straight lines are drawn 
to pass through points on the boundary of the area they will generate 
a cone — at least if they are sufiiciently numerous. These Mnes are 
the so-called generators of the cone. Suppose that with O as centre 
a series of spheres is constructed, the above cone intercepting an area 
from each of them. Now the ratio obtained by dividing one of these 
areas by the square of the radius of the corresponding sphere is a 
constant for the cone OAB. From analogy with the conventional 
method of measuring a plane angle, the above ratio is called the 
measure of the solid angle subtended at O by the surface AB. 

Suppose now that AB is a small area and that AC is that portion 
of a sphere of radius OA intercepted by the cone. If is the area 
AB, then AC «= AB cos see Fig. 17d2 (6), and, if OA = r, 

As =? AO sec ^ r* sec C “ "^^3 

where Am is a measure of the solid angle OAB. 
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[The solid angle subtended by the surface of a sphere at its centre 
is 4^1, since the area of the suiSace is 4;i:r*.] 



Fig. 17*12. — Solid Angles. 


Further Discussion of Terms used in Fhotom&try.— Quantity 
of Light, Just as an electric current , is considered as a flow of elec- 
tricity, so may light be regarded as a flow or flux of radiant energy. 
If the human eye were uniformly sensitive to all colours, the flux 
would be measured by the radiant power expressed in watts. The 
eye is very selective in its response to a light stimulus, so that the 
above method of measuring flux is not suitable and has to be 
replaced by an arbitrary one. In this, the flux from a iuimnous 
source is evaluated in terms of its visual effect. The unit of flux is 
the Inman, defined as the flux emitted per second in a unit solid angle 
by a point source of one international candle. 

It has been shown that one watt of monochromatic green light is 
about 620 lumens. The number of lumens associated with one watt 
of radiant power from a source measures the luminous efficiency of 
that source. 

Luminous Intensity: When the source of light does not radiate 
uniformly in all directions, something more than a measure of its 
total flux is required. We refer to the candle-power or luminous 
intensity in a given direction of the source. Suppose that AB, Fig. 17*13, 
is a small area. As, normal to the direction along which the luminous 
intensity is to be measured. Let /IF be the flux across this surface. 



If r is the distance of the area firom the source, and CD — /Ico, is 
the area cut off from a sphere of unit radius by the cone OAB, i.e. 
Am m the measure of the solid angle OAB, then 



Now /iF is also the flux of luminous energy across Am, and the 


' ■ ■ " ' /IF ' 

limiting value of the quantity 2 ^ is called the luminous intensity 

of the source in the direction co33Jsidered, i.e, I = ^ 

Am-^o Am dm 


m 
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Tii6 tmit of irnninous intensity or oandle-po^er is the internuHonal 
candle. From the above it follows that 


^F =s l.Ao), and F 


- 1 “ 


l,do) 


I dm, 


if the luminous intensity Of the source is constant in all directions. 


Hence, since j dm = 43t, the total flux from such a source is 4:7il, i.e. 
4:7t lumens per candle-power. 

Intensity of Illumination or Illumination of a Surface, Suppose 
that AB, Fig. 1744, is a small element of an illuminated surface 
receiving JF lumens of light, i.e. ZiF is the amount of light incident 
on AB per second. Now the luminous intensity of the source in the 

ZIF 

direction OA is ^ I (say). Now the amount of light falling per 
second on unit area of AB is 

__ _ I QOS ^ 

Aa ”* AC sec ^ r^,Am r® 


This expression — ^the fimdamental relation of photometry— measures 
the intensity of illumination at a point on AB. The xmit of illumina- 
tion is the lux, deflned as the illumination at a point on the surface 
of a sphere of radius one metre when a point source of one inter- 
national candle is at the centre of the sphere. 

Illumination engineers frequently evaluate the illumination of a 
surface in terms of the metre-candle. This is defined as the illumm- 
ation produced when the light from a point source of one international 
candle falls on a surface one metre away from the source. Another 
unit is the foot-candle defined in a similar way. 

The Distribution of Light from a Given Source. — ^The distri- 
bution of light from an ordinary source of light varies with the direc- 



(o) In plane passmg through axis of electric lamp. 

(6) In plane normal to axis of electric lamp. 

(c) In plane passing through axis of electric lamp, but with a reflector. 


tion in which it is measured. Hence, in order to specify a light source 
completely, it is necessary to observe its luminous intensity in different 
directions. A convenient method of indicating such distributions is 
by means of diagrams similar to those shown in Fig. 17* 15, The curve 
in any instance is constructed by drawm^ radii vectores from a point 
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to represent the magnitude of the lummous intensity in a direction 
narallel to that of the particular radius vector concerned, and then 
foining 4e extremities of these lines. The distribution of hght m 

Irther planes is, in general, different from those shown. 

Mean Spherical Candle-Power. Integratog Photometer^— 
Let I be the candle-power in a given direction of a soi^e, Rg. 
T7-16 (a) placed at the centre of a sphere of umt radius. ’jOien the 
flux of toinous energy from that source ^ro^ an area_da == Joi, 
through which the given direction passes, is given by dP = I.do). 
Hence the total flux of luminous energy per second from the source 


"1 


ido). 


Now the area of the surface of the unit sphere is 4^, so that the 
mean flux of luminous energy per second across unit area of the 

above sphere is 

jlda) 

^71 

This is termed the mean spherical candle-power of the source. 

integrating Photometers.— The total flux of lupous enerp 
froTa given source of light, and hence its mean spherical oancfle. 
vm may be computed by the laborious pr^ess of measuring the 
limiinous intensity of the source in many different dneotions, and 
then constructing the polar curves for different ptoes. Sumpotb, 
in 1892, showed that if a source of hght is placed m a large hoUow 



Fig. 17*16.— An. Integrating Photometer. 

sphere whose walls are perfectly diffeing, then the ffluminatton at 
point on the waU due to light reflected from the remainder of 
the walls is a constant. This principle was put mto pr^tica,! use by 
TTTn-RTrM in 1900. A large spherical globe is painted white (zinc 

globe iVproW with an opal glass wMdow, W, screened from dirwt 
rays from L, the lamp under test, by the screen, S, also pamted vrhite 
on both sides. The iUumination at W is then mnstmt for a given 
lamp providing that the white surface is unifor^y white and has no 
selective action on light of different wpe-lengths. _ ^ 

The intensity of the light transmitted through W is then compared 
with the intensity of a constant source by some othw photometer. 
The lamp L is then replaced by one whose mean ^hencal canme- 
power his been determined by the method suggested above and the 
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intensity of tlie Kght transmitted throngh W again compared with 
that of the standard source. 

The ratio of the two intensities is the ratio of the mean spherical 
candle-powers of the two lamps which have been placed in the integrat- 
ing photometer. 

Photometers of this type and having a diameter of 88 inches have 
been made. In recent years the National Physical Laboratory at 
Teddington has designed a cubical photometer of tto nature since it 
is much easier to construct. Theoretically, this whitened cub© photo- 
meter is less accurate than a spherical on © ; in practice, however, it 
is very efficient. 

Indoor and Street Lighting. — So far we have only discussed 
methods of measuring the actual illumination at a point. Now in 
designing any particular lighting system the de^ee of illumination is 
only on© factor to be considered. Other requirements have to be 
met; these differ according as the lightiug is for indoor or street 
purposes. Let us consider them in turn. 

The requirements for an indoor system are (a) adequate illumin- 
ation, (6) absence of glare, (c) non-excessive contrast, and (d) proper 
distribution. The intensity of illumination varies with different types 
of room and depends chiefly on the type of work to be ddne in them. 
For household purposes an illumination of 30 to 60 lux (metre-candles) 
is satisfactory. If no fine work is to he done, as in a foundry, the 
illumination may be reduced to one-third of the above values. On 
the other hand, the routine work of a drawing office requires an illumin- 
ation of about 90 lux. 

By minimizing the glare firom a light source much eye-strain may 
be avoided. 

Excessive contrasts are particularly annoying, and are a source of 
constant danger if they exist in street or factory lighting. On the 
other hand, a watchmaker finds that a complete absence of contrast 
is not desirable for his work. 

Afi regards the distribution of light a concentration of light in one 
part of a room is to h© avoided ; if work is to be done at several points 
in a room then , a general illumination of 5 lux is generally considered 
sufficient when at each point, where the work is carried on, there is 
a supplementary light. 

In street lighting the illummation should be as even as possible. 
In practice tffis is accomplished by usiug specially designed reflectors 
so that the light is concentrated along the surface of a cone of very 
wide angle, or by placing the lamp at a considerable distance above 
the road level. 

EXAMPLES XVII 

1. — ^In a Btmsen photometer two lamps are placed 62*7 and S4-6 cm. 
from the “ spot ” when there is equality of contrast between the waxed 
and unwaxed portions on each side of the paper. Compare the illu- 
minating powers of the two lamps. 

2. — “Two lamps, whose candle-powers are as 2*5 : 1, are 150 cm. 
apart. At what distance from the less bright lamp must a grease 
spot be placed so that there is ©quality of contrast on the two sides of 
the “ spot ”1 

3. - — ^Describe how you would compare the effective candle-power of 
an electric lamp surrounded by a teanslucent globe with its candle- 
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power when the globe is removed* Assuming that the globe absorbs 
8 per cent, of the light emitted by the lamp, calculate the ratio of the 
distances of the lamp from the photometer in the experiment you 
describe, assuming the distance of the comparison source to be the 
^ame in each instance. 

4. — ^Describe some modern form of photometer, indicating the par- 
ticular features of the instrument you describe. A candle and a glow- 
lamp of 36 candle-power are 1 metre apart. Where must a screen be 
placed on the line joining them so as to be equally illuminated on 
both sides ? 

5. — Describe some form of photometer. Discuss its accuracy and 
explain the principles on which its action depends. Where may a 
sheet of paper be placed on the line through two sources of light of 
candle-powers 5 and 4 respectively, and 2 metres apart, so as to be 
equally illuminated by each of them ! 

6. — A lamp of 3 candle-power is placed at a distance of 30 cm. from- 
the grease spot of a photometer and another lamp of 6 candle-power 
is placed at a distance of 50 cm. on the same side of the instrument. 
Find where a third lamp of 10 candle-power must be placed in order 
that both sides of the photometer may be equally illuminated. 

7. — ^Describe and explain the action of a ** grease spot ’* photometer. 
Explain how it could be used to determine the fraction of light trans- 
mitted by a sheet of imperfectly transparent substance. {L. *28.) 
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THE REFLEXION OF LIGHT AT PLANE SURFACES 


When light is incident upon any body the subsequent history of 
the light is determined by the nature of the body and its surface ; 
one part of the light is returned into the medium in which it 
originally travelled— it is reflected ; the remaining portion enters 
the body and is there absorbed if the body is opaque, or it is trans- 
mitted through the body if the latter is transparent. If the body 
transmits light, but is such that an object cannot be seen distinctly 
through it, then the body is said to he^translucent^ 

The Reflected Rays. — ^The direction in which the reflected light 
is propagated is determined by the laws of reflexion. If the surface 
consists of innumerable small facets then light incident upon them is 
reflected from each little facet according to these laws, but there is 
no definite image formed, for the reflected rays go in all directions, 
as the facets will be orientated at random. In this connection 
an interesting experiment has been described by Wood. A piece 
of plane glass, smoked by passing it rapidly through a smoke 
flame, is not a good reflector of light, but if it is held between a 
source of light and the eye so that the light, glass, and eye are 
nearly in a straight line then a red image of the source is seen — ^the 
image becomes brighter and more white the more nearly the straight 
line condition is approached. 

The Laws of Reflexion. — ^Let CD, Fig. 18-1, represent a plane 

sheet of polished metal [this 
is better than a silvered 
mirror, in which the thick- 
ness of the glass is a dis- 
turbing feature]. Let AO 
be the ray of light travel- 
ling towards the mirror, 
whilst OB is the reflected 
ray ; then AO is the incident 
and OB the reflected ray. 
Let ON be the normal (i.e. a line perpendicular to a surface) at 0 
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Fig. 18*1.— Reflexion of Light at a 
Plane Surface. 
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to CD. Then the AON is called the angle of incidence, whilst 

NOB is the angle of reflexion. The laws of reflexion state— 

(а) The incident ray ^ the reflected ray, and. the normal 
to the mirror at the point of incidence lie in the same plane* 

(б) The angles of incidence and reflexion are equal* 
Image of a Lummons Point Formed by a Plane Mirror*— 

An immediate consequence of the laws of reflexion is that the image 
of a luminous point in a plane mirror is as far behind the mirror 
as the source is in front and that the source and image lie on a line 
which is normal to the surface. This is easily proved— see Fig, 18*2. 



Fig, 18*2, — ^Image of a Lmninoiis Point Formed by KeSexion in a Plane 

Mirror, 

Here OA and OB represent two rays incident upon a plane mirror 
at A and B respectively ; the reflected rays are AP and BQ, The 
laws of reflexion state that * 

(1) CAN = NAP, and OEM MBQ where AN and BM are 
normals to the mirror at A and B respectively. 

(2) The rays and normals are aU in one plane. 

Let PA and QB when produced meet at I, so that the reflected 
rays apparently proceed from I. [Since they do not actually pro- 
ceed from I, the lines are dotted,] If AN' and BM' are continua- 
tions of the normals on the other side of the mirror, then 

, , ; . =iAN' ■ 

//OAN + 90® = W i.e, OAB = BAi; 

Similarly OBA == ABL Hence the J*s OAB and lAB are con- 
gruent, for the base is Common and the base angles of one are equal 
to the base angles of the second triangle [proved]. 
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Hence in the A's OAX and XiJ, 

{ AX is common 

GA = AI V -d’s . OAB and lAB are congruent. 

OAX = XAI *,• these angles are supplements of angles which 
are equal. 


/. A^s are congruent 
/. OX = XI 

and the OXA ~ AXI, 


and these, being adjacent, are right angles. * 

Experimental Verification of the Laws of Reflexion,— Let 
CD, Fig. 18‘2, be a plane mirror while 0 is the position of a pin placed 
perpendicular to a piece of paper upon which the mirror stands. If 
the eye is placed at P an image of O is seen along the direction IP. 
This direction may be determined by placing pins in the paper so 
that these pins and the image are coUinear. The experiment is 
repeated with the eye at Q. The position CD of the reflecting 
surface of the mirror having been marked on the paper, the paths 
of the reflected rays are found by joining the positions of the pins 
by straight lines, and these, when produced, intersect at I. The 
directions of the incident rays OA and OB are determined by the 
straight lines joining AO and BO. The angles OAN and NAP are 

measured — ^they will be found to be equal ; similarly for OBM and 


MBQ. [The distance OX will also be found equal to XI — a con- 
sequence of the laws of reflexion, as proved above.] 

Image of an Object placed in Front of a Plane Mirror.— 
Since an object can be regarded as a succession of points, the 
laws of reflexion are applicable to all the rays proceeding from 

every point of the body. The 
cone of rays which proceeds from 
A, Fig. 18*3, is reflected by the 
mirror MM,* so that it appar- 
ently proceeds from A j the image. 
In drawing such a cone of rays, 
it is better to join the eye to the 
image Aj, the position of the cone 
behind the mirror being indicated 
by dotted lines. From the points 
where this cone meets the mirror, 
straight imes are drawn to A. 
The path of the rays of light from A to the eye is then completely 
known. Similarly for B and its image Bj. The image is obtained 
by joining AjBj. 



Fig. 18*3. — Image of Object 
Formed by Beflexion at a Plane 
Mirror. 
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Iticliiied Mirrors . — ^When two plane mirrors are inclined to each 
other, an object placed between them gives rise to images in both 
mirrors. These images may give rise to other images, the number 
of new images and repeated reflexions depending upon the angle 
between the mirrors. We shall consider two particular instances 
(a) Two mirrors inclined at 90 "^, — ^In Fig. 1840 is an object 
placed in front of the two mirrors, and in order to simplify the draw- 
ing only the extreme point at the top of 0 is considered as being 
luminous. The images and Ig are formed by reflexion from 
and Mg respectively. Now the image Ij is in front of the plane 
containing Mg, and therefore can produce an image by reflexion 
in Mg ; that image is Iig. Similarly, Ig is in front of Mi and gives 
rise to an image Igi coinciding with Igg. In order to draw the 
pencil or cone of light, which proceeds from 0 and enters the eye 



E, so placed that it perceives the image at Ijg, the pencil EIigE is 
drawn. Now Iig is the image of Ij, so that if this pencil cuts 
in cd the pencil of cl^d is drawn ; if this cuts Mj in ab then 0 is 
joined to a and 6. The parts of the three pencils thus drawn, 
which lie between the mirrors, represent the cone of light which 
is required. 

(6) Two mirrors inclined at 60 ^, — ^This particular instance is 
illustrated in Fig. 18*5. The images, Ij and Ig are formed_ by one 
reflexion at each of the mirrors respectively. Light from these 
images then produces two further images Iig and Igj and finally 
Ijgi and Igia, which coincide, are formed by the light which is 
again reflect^ from the mirror. 

In order to draw the cone of rays which gives rise to the formation 
of Igig, let us say, the eye E is placed in some convenient position. 
It must be remembered that an image can only be seen when the 
light rays diverging from it actually enter the eye. Accordingly 
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the cone laiaE is drawn ; it will intersect Mg in e and / respectively, 
so that Ee/ representstherays which enter the eye after reflexion at 
Mg. The image Igig arises as a reflexion of Igi in Mg, so that when the 
coneeellgic/is drawn the portion cie/ represents the rays which finally 
give rise to Igia after reflexion atMg. Now Igi is the image of Ig so 
that, as above, the rays in the pencil abed are those which finally 



Fio. 18*5. — ^Formation of Images with Mirrors inclined at 60°. 


complete Igig* By joining the points a and 6 to 0 the complete 
cone of rays is obtained. 

It will be noticed that all the images lie on a circle whose centre 
is A, the point of intersection of the mirrors. In both these 
problems, as soon as an image is formed so that it is behind 
both mirrors, no further reflexions are possible. 

Parallel Mirrors. — ^When a luminous body is situated between 
two parallel mirrors, the image is always in front of one of them, 
so that an infinite array of images all lying on one normal to the 
mirrors is formed. In practice this is not so, because the light, 
after several reflexions, is so weakened that the retina of the eye 
fails to detect more than about ten images. Also, the mirrors are 
never exactly plane or parallel — ^the images, therefore, lie on the 
circumference of a circle whose radius is large. 

Let 0, Pig, 18*6, be an object situated between two parallel 
mirrors, Mi and Mg, In the absence of loss of light, two infinite 
series of images will be formed. 

Thus Pi is the image of 0 in Mi ; Pg that of Pi in Mg ; Pg that 
of Pg in Ml, etc. Similarly for the Q series. The paths of the 
rays of light from 0 to an eye E looking at Pg, for example, are 
traced in the manner indicated. , 
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Suppose that a and b are the distances of 0 from and Mg 
respectively. Then 

P,A==AO=-a Q,B==B0:==6 

PaB==2a + 6 Q^A=-a + 2b 

P 3 A ?= Zu -f- 26 QsB = 2(1 -f- 36 

Hence P 1 P 3 - P,P 4 -= - = 2(a + 6 ) 

Q1Q3 ” Q2Q4 “ QsQs ~ == 2 (cj “f- 6) 

The above equations show that the distance between consecutive 
images of either series behind the mirrors is constant, and equal 
to twice the distance apart of the mirrors. 



Fig. 18*6. — ^Images by Beflexioii in Parallel Mirrors. 

Reflexion of a Ray by a Rotating Plane Mirror, — ^To measure 
a smaU rotation by an optical contrivance, use is made of the fact 
that if a mirror is rotated through an angle 0 , the reflected ray is 



rotated through an angle 20 , the incident ray following the same path 
both before and after the rotation of the mirror. 

Froof : Let OA, Fig. 18»7, be a ray of light incident upon the 
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mirror MN at A ; let AT be tbe reflected ray. Suppose that tiie 
mirror is rotated through an angle d to the position M'N'. The 
incident ray now meets the mirror at E, so that the reflected ray 
becomes BT. Let AK and BK be the normals at A and B 
respectively. Through B draw BM" parallel to NM. Then 

M'BO == M''K) --- M^BM' 

= 3^0-M"BM' 

where a and 0 are the angles indicated. Hence, since the angles of 
incidence and reflexion are equal, 

N'BT == 90*^ - a --- d. 

Also ABE = M'BO. 

Let ^ be the angle through which the ray of light rotates. Then, 
since the sum of the angles of a A is 180® 

^ = 180® -a ~-a - (90® -a 0) - (90® -a - 6) 

== 20 . 

Hence the angle through which the ray rotates is twice the angle 
through which the mirror moves. 

The Sextant. — ^Before describing this instrument, which was 
developed by Hadluy so that sailors might ascertain their latitude 
by measuring the angle of elevation of a star at a stated time, 
let us consider the following. ABC, Fig. 18*8 (a), is a framework 
in which the angle BAG is 60®. Mj and are two plane mirrors 
with their faces normal to the plane of the diagram. Let the 
centre of Mi he at A, while that of Mg is at D, a point not neoes- 
sarfly on AB. Let DE he a specified direction — since we are about 
to discuss the sextant let DE be drawn parallel to BO. It is 
required to determine the angular positions of the mirrors with 
reference to the framework so that a ray, SA, incident upon Mj 
at A shah be reflected along AD and then reflected from M 2 along 
DE. Draw the path SADE, and construct DNa the bisector of 
the angle ADE. Then DN 2 is normal to Ma at D. Thus the 
plane of Mg is completely determined. Similarly AUTi is the 
bisector of the angle SAD, and this is normal to the plane of Mj. 

An arrangement of plane mirrors similar to the above is used 
in Hadley’s sextant, shown in Fig. 18*8 (6). ABC is the metal 
framework, the angle BAG being 60®. Mi and Mg are the plane 
mirrors mounted with their reflecting faces normal to the plane 
ABC, Ma being fixed to the framework, while Mi is fixed to an 
arm, L, capable of rotating about an axis through A normal to 
the plane of the diagram. The arm L carries a vernier, and 
the arc BO is graduated as before. When the plane of Mi lies 
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along AC, a raj, FA, parallel to DE, will traverse the path FADE. 
If 0 is the angle SAF, the angle between the positions occupied 
by Ml in the two instances is ^6. The position of Mj is indicated 
by a pointer attached to Mi, and moving over an angular 
scale on BO. 

T is an erecting telescope [Galilean type — cf. p. 460] whose axis 
is parallel to BC and intersects Mg in D. The inclination of 
is determined as above, i.e. its face is perpendicular to DN^, the 



bisector of the angle ADE. Mi is parallel to M 2 when the zero 
on the vernier coincides with the zero on the scale BC, 

Let us assume that the above instrument is to be used to deter- 
mine the angular elevation of the top of a spire with respect to 
the top of a wall directly below it. The telescope T is directed 
towards the top of the wall and a view is possible since only one 
half of M 2 is silvered. The arm L is rotated until the image of 
the wall-top seen by reflexions at Mi and Mg appears to coincide 
with the image seen directly. The arm L is clamped by means 
of the screw K. The. scale reading of the vernier is noted. The 
arm L is then rotated until an image of the top of the spire, formed 
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Fig. 


18*9. — ^Artificial Horizon : Determination of 
Sxm’s Altitude. 




after reflexion at Mj and Mg, appear to coincide with the image 

of the wall-top 
seen directly— see 
Fig. 1.8-8 (c). The 
vernier reading is 
again noted. The 
difference between 
these readings 
gives the angular 
elevation required. 

Gi and Gg are 
pieces of tinted 
glass which are 
placed in the paths 
of the different 
light rays if these 
proceed from a 
brilliant source : 
they mtist be used 
whenever an attempt is made to measure the altitude of the sun. 

It should be noted that the eye- 
piece of the telescope is not provided 
with cross-wires, since the telescope is 
only used for examining a coincidence 
between two images. 

To determine the Sun’s Altitude. 

— K large dish, A, Fig. 18*9, containing 
mercury is placed in a convenient 
position and the image, of the sun 
in the mercury observed (dark glasses 
must be used). [If a plane mirror is 
used it must be carefully levelled.] 

Suppose the sextant is at 0. To de- 
termine the zero error of the instru- 
ment, an image of Si reflected from Mi 
and Mg [Fig. 18*8 (6)], coincides with 
the image of Si as seen through the 
clear portion of Mg. Let the vernier 
reading be 6i. The mirror Mi is then 
rotated until an image of the sun re- 
flected In the mirrors Mi and Mg 
coincides with Si- Let the vernier 
reading be flg. If a is the sun’s alti- 
^ tude, & sa:0,g.:-— 

The Measurement of Small Deflexions. — ^When a body 
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rotates tbroBgli a small angle about a vertical axis that angle 
may be measured by a method due to Poggbndoeff. A telescope, 
C, Eig. 18*10, is placed normally to a small plane mirror rigidly 
attached to the moving system. A scale, graduated in cm., etc., 
is placed near to the telescope and parallel to the rest position of 
the mirror, LM. An image of a point A on the scale will be seen 
through the telesc(%)e, the image being at P, where OA == OP. 
When the mirror moves to a position L^Mi the image of an- 
other point, B, on the scale will be seen at Q, where BB = BQ 
and BB is normal to LiMi. Let a be the angle through which 

the mirror has turned ; then the AOB is 2a, and tan 2a == 

OA 

AB 

For small angles tan 2a = 2a, so that a == — — - . 


EXAMPLES XVin 

L — A ray of light is reflected from a plane mirror after incidence at 
an angle of 43*6^. The mirror is rotated through 31°. Find, by 
drawing, the angle through which the reflected ray is rotated, 

2. — Show that when a ray of light is reflected from a plane mirror 
it travels along the shortest possible path. 

3. — Two mirrors intersect at right angles. Prove that, if a ray of 
light is reflected from both mirrors, the emergent ray will be parallel 
to its original direction. 

4. — State the laws of reflexion of light. A small object is placed 
between two plane mirrors inclined at an angle of 60°, Betermine 
graphically the mnnber of images formed, and indicate the path of the 
rays when an image formed by two reflexions is observed. 

5. — State the laws of reflexion of light. Two plane mirrors are in- 
clined at a flxed angle to one another and the combination can be 
rotated about their line of intersection as axis. Show that, if a ray 
of light is reflected first in one mirror and then in the other in a plane 
at right angles to the axis, the deviation of the ray is unaltered by the 
rotation of the mirrors. 


CHAPTER XIX 

REFLEXION OF LIGHT AT SPHERICAL SURFACES 

Preliminary Definitions. — ^A polished surface having the form 
of a portion of a sphere is termed a spherical mirror. The centre of 
curvature of the mirror is the centre of the sphere, C, Fig. 19*1. 
If the inside of the spherical cap acts as a mirror, the reflecting 
surface is said to be concave ; if the outside reflects, it is a convex 
mirror. Suppose that 0 is a point source of light and that a 


M 


2 0 Principal axis 

a 

(ft) 
Concave. 


0 


Principal ax/s 


C . 


(b) 


-0 


M 
Convex. 


Fio. 19*1. 


straight line through 0 and C (produced if necessary) cuts the 
surface of the mirror in P. Then P is termed the pole of the 
mirror, while the line CP is termed the principal axis* The 
boundary or periphery of a mirror is usually circular, and the 
length of the diameter' of this circle is called the aperture* The 
radius of curvature of a mirror is the radius of the sphere of which 
the mirror forms a part. 

Some Optical Conventions.— Distances are measured along the 
axis from P, the pole of the mirror ; in this book distances measmed 
to the right of P are considered positive ; those to the left are nega- 
tive. Since some prefer to caU positive those distances which are 
measui’ed against the direction in which light travels, and negative 
distances measured in the opposite direction, we shall always place 
our object on the right of the mirror or lens so that readers of 
this book may use either convention. 

Reflexion at a Concave Mirror.— -The principal section of a 
concave mirror is shown in Fig. 19*2. Let G be a luminous point 

362 


reflexion at spherical surfaces 363 

on the axis of this concave mirror ; let OA be a ray incident at A. 
Then the line CA, which is a radius, is normal to the surface. The 

reflected ray is therefore AI, where lAC = OAC. Now OC is a 
ray of light which travels along a radius ; it is therefore reflected 
along this radius in the reverse direction— the two reflected light 
rays meet at I, the image of 0. This image is real because the rays 
of light actually pass through it, i.e. it may be obtained on a screen. 
Let the points 0 and I be at distances u and v respectively from 



Fig. 19*2.— Reflexion at a Concave Surface. 


P, while r is the radius OP. Let i be the angle of incidence at A, 
it is therefore the measure of the angle of reflexion also ; let x, y 
and z denote the angles shown. Since the exterior angle of a triangle 
is equal to the sum of the two interior and opposite angles, we have 

y^i + x . . . . ... ( 1 ) 

2 : = 2i + a; . (2) 

Eliminating i from these equations, by multiplying (1 ) by 2 and then 
subtracting, we obtain i 

2y -- z == a? . . . . . . . (3 ) 

The assumption is now made that the angles x, y and z are small, so 
that their circular measure is expressed by their tangents, i.e. the 
theory developed here is only applicable to paraxial rays, i.e. 
rays near to the principal axis of an optical system. Draw AD 
perpendicular to OP and call this length d. 

Thmz == :^ =^ *.vDI sCh: PI since A and P are close 

Bl ■■ PI V : ' ^ ^ , „ 

together. 

Similarly ^ and x = 

The mgu ^ means “is approximately equal to.“ 
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Substituting these values in (3) and dividing by d throughout, we 
obtain- 

2 _ 1^1 

TV U 
112 

or ^ + .... . • 

Let us now suppose that the object is at an infinite distance from 
the mirror. The particular point at which the image is then formed 
is called the jocus of the mirror — ^the distance of this point from 
P is called the/oca/ length (/) of the mirror, i.e. v=f when u 
Hence substituting in (4) we obtain 

11 2 1 2 

00 r / r 


(4) 


00 , 


i.e. 


/ 2’ 


i.e, the focal length of the mirror is one-half its radius of curvature. 
The formula (4) may therefore be written 

i + i-i . . ... . . (6) 

vuf 

Reflexion at a Convex Mirror. — The principal section of a 
convex mirror is shown in Fig. 19-3. OA is a ray from the object 0, 



incident at A, and reflected along AS. CAN is the normal at A. 
Let x, yy z and i be the angles as shown. Then, as before, 


^ 2i = x + y ; . . . , . . . (6) 

i :=Z Z, 4* X . . . . . . . . . (7) 

so that 0 = + 2^) ■“ + 2£r) 

; ■■■=;== y ■— 22 ? —"'a;': 
or ■'.===: 'a; s= — 225; 


. . ( 8 ) 
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If these angles 


are small, then, as before, 



the negative sign being prefixed in order to obtain positive values 
for the angles y and z. Under these conditions 




The image in this instance is virtual, since the rays of light do 
not actually pass through I, i.e. no image is obtained on a screen 

r 

placed at I. Again if / is the value of v when co » /= g- Hence 


the equation 


1+1=1 
V u f 


( 10 ) 


represents the relationship between u, v, and / for both classes of 
mirrors, when due regard is paid to signs. 


Object of Finite Dimensions. — ^Hitherto the object has been 
supposed to be a luminous point ; it is now necessary to determine 
the nature of the image when the object is finite [but small, in order 
to comply with the conditions which have been stipulated]. This 
is best done graphically. Thus, let OX, Fig. 19*4 (a), be a small 
object placed in front of and perpendicular to the principal axis of 
a concave mirror whose pole is at P. Through P draw PA normal 
to PX to represent [on a large scale] the small element of the 
reflecting surface near P. To remind us that the mirror is a con- 
cave one two arcs of circles are constructed as shown, the polished 
surface being indicated by the heavier line. The ray OA parallel to 
XP passes thi*ough the principal focus after reflexion. The ray 
OC passing through the centre of curvature of the mirror travels 
along a normal to it and therefore retraces its path after reflexion. 
If these two rays are drawn, they intersect in I. This represents 
the image of 0. If lY is drawn perpendicular to PX, then lY 
indicates the image. 

To trace the paths of the rays by means of which an eye placed 
near ^o the principal axis sees the image, let ED be the pupil of the 
eye. Then all the rays proceeding from I to the eye must lie in the 
pencil IDE. If DI and El are produced to meet the mirror in d and 
e respectively and these points joined to 0 we have paths of the 
extreme rays of the pencil by which an observer views the j^oint I in 
the image. 

To prevent the diagram from becoming unduly complicated the 
positions of the image and object have been redrawn in Fig. 19*4 (5). 
The rays OeE and OdD are then constructed as described above. To 
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determine the confines of the pencil of rays by which the point Y 
in the image is seen the lines DY and BY are produced to cut the 
mirror in and which points are then joined to X. 

The method of determining the position and characteristics of 
the image formed by the reflexion of light at a convex surface is 
illustrated in Big. 194 (c). Since, in this instance, the image is 
produced behind the surface, dotted lines are used to indicate the 




apparent paths of the rays in this region. The paths of the extreme 
rays of the pencil by which an observer sees the point I in the image 
are obtained as before, and it is left as an exercise for the student 
to draw the rays from X to the eye. 

Magtiifiicatioii. — ^The Hnear magnification, m, produced by an 
optical instrument, is defined as the ratio of the linear dimensions of 
the image to those of the object. Very frequently distances above 
the principal axis are taken as positive, and those below as negative, 
so that the sign of the magnification depends upon whether the image 
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is uprigM or inverted. Rules are then given by means of which one 
may ascertain the nature of the image, e.g. whether it is real or 
virtual, erect or inverted. Since all this information may be 
obtained from an accurately drawn diagram and such diagrams 
should always be made whenever a problem is attempted, we shall 
regard all distances above or below the axis as positive, i.e. the 
magnification will always be considered positive ; to be consistent 
with this, distances to the right or left of P must be considered 
positive, i.e. all distances are measured by their numerical magni- 
tudes alone when dealing with magnification. . 

Thus, in Eig. 194, the magnification is given by 
size of image lY 


m ■ 


size of object OX* 

OX lY 

But tan OPX is and tan YPI is and since these angles are 
equal, 


OX 

PX 


lY 

PY’ 


or 


ox' 


PY 

"PX^ 


I.e. 


m 


where the symbols jt;| and \u\ denote the numerical values of t; and u 
respectively. 


Worked Examples: 

(i) A concave mirror has a focal length of 15 cm. Find the position, 
size, and xiature of an object 4 cm. high placed (a) 20 cm. (6) 10 cm. 
from the mirror. 

(a) Since the mirror is concave, / is positive: w is also positive. 
Hence, inseiting the nTimerical values for / and u in the formula 

“ + - = j> and inserting the appropriate signs only when such suhsti- 

tutions are made, we have, 

1 _ „ 

v » 60 cm. 


t; 20 


16 


Also m 


{&) 

Also m 


1 1 
« IQ 


/. v — 30 cm. 


3, and an accurately drawn diagram shows that 
the image is real and inverted. 

16 ' ^ 

30 ' ■' ' ' 

^^1*6 ; the image is virtual and erect. 

(ii) A cqn^ve mirror has a radius of curvature of 10 cm. Where 
must it be placed so that an eye shall see an image of itself magnified 

,„4'' times. , , ■ ■■ '■«. ' 

Since \ m\ == 4, we have [ v\ =» | 4« |. 
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u = 6*25 cm. and t? — 26 “0 cm. 


Let us try v == 4m, i.e. v is positive, since u is positive. Then 

' L 

4u u ““ 10 

This is an impossible solution, since the jSnal image would be formed 
behind the eye itself. 

Now try — -y = 4u, i.e. v is negative since u is positive. Then 

^ ^ ^ u — 3*76 cm., V ^ — 16*0 cm. 

4u u 10 

This is the solution required, for the image is visible to the eye. 

(iii) A convex mirror has a radius of curvature of 12 cm. Calculate 
the position of a point object 18 cm. in front of the mirror. 

^ , 1.1 2 1 

We have - + 

the minus sign being inserted since r is negative. 

/, ^ . 4.5 cm. 

i.e. the image is behind the mirror. 

The V* Phantom Bouquet,'^ — If a small flower, OA, is placed in 

an inverted position in 
front of a concave miixor 
as in Fig. 19*5, a screen 
preventing an observer 
from seeing the flower 
directly, its image will be 
formed at IB. This will 
be seen when the observer’s 
eye is near to the axis of 
the mirror, but the illusion 
disappears when the observer steps to one side. The position of the 
image has been obtained by constructing the paths of the rays in 
the usual way. 

A Particular Instance of Reflexion at a Concave Surface. — 
This occurs when the object is “ at the centre of curvature of the 
mirror ” ; this expression really 
impHes that the plane containing 
the object is normal to the axis 
of the mirror, and some point in 
the object passes through its 
centre of curvature. To deter- 
mine the position of the image 
we note that the ray OA, parallel 
to the axis CP, Fig, 19*6, passes 
through F after reflexion, and 
that the ray OF is parallel to PC 
after reflexion. The diagram shows that the magnification is unity 
and that the image is inverted. 

Spherical Aberration.~Tbe laws Of reflexion have been applied 
to spherical surfaces on the assumption that all the rays of light 
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coneemed were near to the optical axis, i.e, only the region of the 
surface in the immediate vicinity of the pole has been considered. 
Such a limitation was not necessary when considering the reflexion 
of light from plane surfaces because in such instances the image is 
always a perfect reproduction of the object, whereas the images 
produced by reflexion in curved surfaces are distorted, the amount 
of distortion depending upon the aperture of the mirror. Such 
mirrors are said to possess spherical aberration. 

Caustic Curve by Reflexion at a Concave Surface. — Let 
APB, Fig. 19*7, be the principal section of a hemispherical concave 
mirror ; C is the centre of curvature, F the focus, and P the pole ; 
PC is therefore the principal axis. Suppose O to be a luminous 
point on the axis. The path of a reflected ray is very easily con- 
structed because the incident and reflected rays are equally inclined 
to the norma! [i.e. the radius] at the point of incidence. The 
diagram shows that all the rays reflected from points near the axis 


A 



tend to pass through one point I on the axis — ^this is the image as 
hitherto contemplated. As the incident rays approach the direction 
OA, however, the reflected rays tend to cut the axis at points nearer 
to the mirror. If a sufficient number of reflected rays is con- 
structed it will be found that a smooth curve can be drawn such 
that every reflected ray is a tangent to the curve. This is termed 
the caustic curve by reflexion at a curved surface. Such a curve 
^ very frequently seen on the surface of tea in a cup when there 
is a light not directly overhead. 

Focal Lines by Reflexion at a Spherical Surface. — ^In 
Fig; 19*8 a narrow pencil of rays is shown incident upon a 
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small portion AB of a spherical surface. The two extreme rays 

OA and OB intersect 
after reflexion at Ej, a 
point in the plane of the 
paper. These same two 
reflected rays will cut the 
axis at points separated 
by a short distance Eg. 
If we imagine the figure 
to rotate through a small 
angle about the axis 00, 
the point Ej will move 
through a short distance 
perpendicular to the plane 
of the paper, while Eg still 
remains on the axis. 
Eig. 19*9 will perhaps help to make this clear. The lines Ei and Eg 
are termed the first and second focal respectively. Some- 

where between these two focal lines the reflected cone passes 
through a circle at right 
angles to the direction of 
propagation. This circle, 
known as the circle of 
least confusion, must 
exist because the width of 
the pencil gradually changes 
-—at El it is elongated along 
the perpendicular to the 
plane of the paper, while at 
Eg it is elongated in the plane of the paper. Somewhere in between 
it must be equally wide in two directions— this is the region of 
the circle of least confusion. Such a pencil as this, which nowhere 
passes through a point, is termed an astigntatic pencil. 




Parabolic Mirrors. — The par- 
abola is a curve possessing the 
property that the normal at any 
point on it makes equal angles 
with a line through that point 
parallel to the axis, and with the 
line joining it to the focus. In 
consequence of this if a small 
source of light is placed at the 
focus, E, Eig. 19*10, of a parabola 
all the reflected rays will be parallel to the axis. Such mirrors 
are used in search-lights. 



Fia. 19-10.— Parabolic Mirror. 
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EXAMPLES XIX 

object is placed 24 cm. in front of a concave mirror when 
an image is formed 8 cm. from the mirror. Calculate the radius of 
curvature of the mirror. Check by a drawing. 

2. — ^A candle is placed 50*3 cm. in front of a convex mirror whose 
focal length is 14*6 cm. Where is the image ? What is the magnifi- 
cation 7 If the distance of the candle from the mirror is halved, show 
that the magnification is not altered in the same ratio. 

3. — ^A concave mirror has a radius *of curvature equal to 4 ft. Where 
must an object be placed so that the image may be magnified 3 times ? 

4. — Two mirrors, one convex and the other concave, each have a 
focal length equal to 5 in. Their poles are 18 in. apart. If an object 
is placed 1 ft. from the concave mirror, find the position of the image 
formed first by reflexion at the concave mirror, and then at the convex 
mirror. Check by a diagram, 

5. — ^Establish the formula - -1 — --i for a convex spherical mirror. 

V u j> ^ 

A small object is situated 8 in. in front of such a mirror having a radius 
of curvature equal to 6 in. Calculate the position of the image and 
show, on an accurately drawn diagrar^, the paths of the rays by means 
of which an eye, placed near to the axis of the mirror, sees the image. 

6. — ^An object, 3 cm. high, is placed perpendicularly to the principal 
axis of a convex mirror whose focal length is 8 cm. If the object is 
15 cm. away from the mirror, calculate the position of the image. 
Indicate, on a diagram, the paths of rays which enable an observer 
to see the image. 

7. — A luminous object is placed 30 cm. from the surface of a convex 
mirror, Ahd a plane mirror is set so that the images formed in the two 
mirrors lie adjacent to each other in the same plane. If the plane 
mirror is then 22 cm. from the object, what is the radius of curvature 
of the convex mirror? — (N.H.S.C. *29.) 

8. — ^A man holds half-way bet^^een his eye and a convex spherical 
mirror, 4 feet from his eye, two fine parallel wires so that they may be 
seen directly and by reflexion in the mirror. If the apparent distance 
apart of the wires as seen directly is six times what it is seen by reflexion, 
calculate a value for the radius of curvature of the mirror.* 

Show, on a diagram drawn to scale, the paths of the rays of light 
by which an eye, near to the principal axis of the mirror, sees the image 
of one of the wires. 
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CHAPTER XX 

REPRACTIOX AT PLANE SUREACES 

The Refraction of Light. — When a ray of light penetrates into 
a second medium it is generally propagated in a direction which is 
not the same as that in which it originally travelled. Euclid had 
noticed that when a ring was placed at the bottom of a vessel, it 
was possible to see the ring when the vessel was filled with water, 
even when it was impossible to see the ring in the absence of the 
water. He explained this phenomenon by supposing that the light 
from the object was refracted at the surface of the liquid. 

The Laws of Refraction for Isotropic Media.— Although 
many illustrious workers endeavoured to discover these laws, it 
was not until 1621 that they were formulated by William Skell. 

(а) The incident ray, the refracted ray, and the normal to the 

surface of separation of the two media at the point of incidence are 
in one plane. ^ 

(б) If i is thei,angle of incidence, and r the angle of refraction (Le. 
the angle between the normal and the refracted ray) then 

sin ^ . . 

— = constant, 
sm r 

This constant is called the absolute index of refraction if the first 
medium is a vacuum. It is denoted by fjt, so that 

_ 'sin i 
^ ~ sin r 

If it is desired to show that the light passes from air to gl^s, then 
the index of refraction is denoted by the symbol In general, if 
the light traverses from one medium (1) to a second (2), the index 
of refraction of the second medium with respect to the first is denoted 
by Eor most purposes we may assume fx = etc. 

Experimental Determination of for a Plate of Glass.— 
Let AB and XY, Fig. 20T, be the two parallel faces of a block of 
glass, and let two pins [shown by small black circles] indicate the 
incident ray GO. The position of the ray after passing through the 
glass is found by looking along the direction KD, which is marked 

362 


eifbaction at plane surfaces 


36S 


by two more pins, tbe four pins being placed so that they are 
apparently collinear. If the block is now removed and the points 
C and D joined together by means of a straight line, the path of the 
ray of light is completely defined by OCDK. The angles of incidence 
and refraction at C are indicated by i and r respectively. By 
measuring these angles 
and using trigonometrical 
tables can be calculated. 

If DE is normal to the 

face XY, the EDO is also 
equal to r. Let. e be the 
angle of emergence at D. 

Then 


sm i 
sin r 


aP'g 


( 1 ) 


But the ray of light KD 
would traverse the medium 
along the path KDGO — a 
fact which is easily verified 
by looking along 00—so 
that 



sin e 
sin r 


af^g - 


(2) 


Fio. 20' 1. — Path of a Kay of Light 
through a Parallel Plate. 


The two fractions (1) and (2) are equal, so that 

e = f . 

A Second Method of Calculating the Value of /i.— Instead of 
measuring the angles i and r and determining from the ratio of 
the sines of these angles, it is better to |)roduce the ray 00 to cut 

DE in L Then EIC = so that 

EC 


af^g — 


sin i sin EIC 


sin r 


sin EDO 


Cl 

CD 


CD 

CI‘ 


Thus the ratio of the lengths of CD and Cl is ; and it is much more 
easy and convenient to measure lengths than it is to measure angles. 

Geometrical Construction for the Refracted Ray*— When the 
angle of incidence is given it is easy to determine the refracted ray, 
if is known. For example, let AO, Fig. 20*2, be a ray in air 
incident at 0 upon a plane surface of separation MiMg. With 0 
as centre and any radius describe an arc of a circle EF to cut the 
ray in G ; with 0 as centre and radius 00, where OC == /^OE, 
describe a second arc CD. Through G draw GN perpendicular to 
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Fia. 20*2. — Geometrical Construction for a Refracted Ray. 
the surface to cut CD in K. Produce KO to B, then OB is the 
refracted ray. 

Now tt == ^ = [•.• OGN = AOD = 


where r is the angle of refraction which has to be discovered. Hence 

/s ON 

sin OGN OG ON r. . nn atti 

f — == , /fOG = radius OKj. 

^ II Uiv 

/, f is the OKN, 

Refracted ray is KO produced, i.e. OB. 

Refraction through Several Media having Parallel Inter- 
faces.— Suppose that the two media represented in Fig. 20-3 are 
water and glass ; further, let air be the common medium which 
is all round these other media. Then denoting the angles as shown, 

sin ix 

_ sin Tx 
“ sin rj 
_ sin ra 
sin 7 - 3 ’ 

i.e. . wj^g • g^a ^ I 

because it is an experimental fact that = rg when the interfaces 
are parallel. 

But gfJta ^ — 3 

aj^g 

hence ^ 

Ctflw X g/la ap'W 

i.e. the index of refraction of, a third medium with respect to the 


wfXg 
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incident on the upper face at an angle a, is refracted away from the 
normal at A, i.e. the refracted ray is AJB. Let BA produced meet 
ON in I. The normals at N and A being parallel 

sin a sin AON lA . 

gUa = — 5 == ’ V- = 'kt N on p, 363]. 

Bin 3 sm AIN OA ^ 


second is equal to the refractive index of the third with respect 
to air, divided by the re- ^ 
fractive index of the second \ 
with respect to air. For the ^ 
refraction occurring at the 
water-glass interface we have 


the above 


Since the above 

equation becomes 

sin f 1 = sin rj. 

Image formed by Refrac- 
tion at a Plane Surface. — • 

Let 0, Fig. 20-4 (a), be a small 
object in any me^um, and ON 
the normal through 0 to the 
surface of separation of the two ^ 
media. It is desired to deter- 20* 3. —Refraction through. Several 

mine the position of the image Media, 

of 0 as seen by an eye directed along NO. .Suppose that the lower 
medium is glass and that the upper one is air. The ray 0 

roCue 


Ria. 20-4. — ^Formation of Image by Refraction. 
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Now, since the pupil of the eye is snmll, it follows that if the ray AB 
is to enter the eye, then the ray OA must be very nearly parallel and 
equal to ON, whilst lA is nearly equal to IN. Since OIN is also a 
ray of light from 0, the image must be at I. Under these conditions 

IN 


or 




sxn a 
sin p 

'in ~ 


“ ON 

actual thickness of block 


= H (say). 


apparent thickness 
The amount by which the object appears to be displaced from its 
true position is 

- NI- 


01 = (ON - NI) = ON 


D-S] 

D-a- 


hh 




ON 


To Determine the Refractive Index of a Liquid available 
in Large Quantities. — Suppose that water is the liquid. A tail 
glass vessel, A, Fig. 20*5, is filled with 
water. B is a cylindrical metal box turned 
upside down and having a long slot in its 
base. This slot is horizontal and illuminated 
with the aid of an electric lamp. Vertic- 
ally above the slot and parallel to it is a 
nickel wire, C, heated to redness by an 
electric curren|i. The position of the wire is 
adjusted until its image formed by reflexion 
in the surface of the water coincides with 
the image of the slot formed by refraction 
at that same surface. If di and are the 
distances indicated, da is the apparent depth 
of the illuminated slot when viewed directly 
from above. Hence 

d, 


d. 




A 


d, 


f 

£ 

2 

1^1 


A 


The experiment succeeds more readily if the 
lamp is screened and the intensity of the 
light reduced somewhat with the aid of a 
resistance placed in the battery circuit. 

Microscope Method for the Determina- 
tion of — A microscope whose objective 
has a working distance of one to three 
inches is required [this means that when 
the objective of the microscope is at this 
distance from an object a clear image is seen]. It should be 



Fig. 20*5.-— Refractive 
Index of a Liquid 
avaUable in bulk. 
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capable of movement along a vertical scale attaolied to a stand 
and its position sKould be given by a vernier. Make a pencil- 
mark on^a piece of paper and stick it to tbe bench ; focus the micro-* 
scope, vdth its axis vertical, on this mark and read the vernier. 
Put a thick block of glass on the paper, e.g. a cubical paper weight ; 
as the mark is now apparently raised a distance 01, Fig. 204 (a), it 
is no longer in focus. Move the microscope along the scale until the 
mark is clearly seen, and again read the vernier. Finally scatter a 
few grains of chalk on the upper surface of the block ; focus the 
microscope on these and again observe its position. The instru- 
ment has how been focused in succession on points corresponding 
to 0, I, N, Fig. 204 (a), hence the difference between the first and 
last readings gives the distance ON, and that between the second 
and third IN ; therefore be found. The same method 

may be applied to find the refractive index of a liquid. A piece of 
lead with a scratch on it is placed in a beaker and the microscope 
focused on the scratch as before. Liquid is then poured in, care 
being taken not to move the lead, and the microscope focused in 
succession on the mark and on chalk grains floating on the liquid 
surface. The calculation is made as in the last example. ' 


Determination of the Displacement due to Viewing an 
Object normally through a Glass Plate, — Let 0, Fig. 204 (6), 
be a small object at distance d from the nearer surface of a glass 
paralieiopiped. Suppose that E is an eye viewing this object along 
a normal OAE. The size of the eye is very much exaggerated in the 
diagram to enable a clear figure to be constructed. Let OBCD be 
a ray of light passing through the glass. As on p. 365, the position 
of the image may be found by producing DC to meet OA in I. Since 
OA is also a ray from 0 it follows that I must be the image. To 
calculate the magnitude of the shift 01 we note that Cl meets BN, 
the normal at B, in L. Now L would be the image of an object B, 


and we have already seen [cf . p. 366] that BL = 



, where t is 


the thickness of the glass. But OBLI is a parallelogram, so that 


BL>=OI. 


The shift produced is therefore 



, which is 


independent of the distance of the object from the glass block. 


Determination of the Index of Refraction of the Material 
of a Thick Mirror .—Let MM, Fig, 20*6 (a), be the silvered surface 
of a glass mirror of thickness and index of refraction /^. Let 0 
be an object [a vertical pin] placed on ON the normal to the mirror 
through 0. If OA is a ray of light very close to ON, the refracted 
ray AB will be reflected from the back surface as the ray BG which 
emerges from the block as the ray CD. Moreover, the ray ON will 
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be reflected from the surf ace MM and return along NO. If therays 
CD and NO enter an observer's eye an image of the pin will appear 
at I. This image may be located by placing a second pin behind 
the mirror in such a position that it appears to coincide with I even 
when the eye is displaced from side to side. There is then said 



to be no parallax between this pin and the image I. Let a and 
§ be the angles indicated, while u and v are respectively the distance 
of the object in front of and the distance of the image behind the 
unsilvered surface of the mirror. Then 

CN = OA + AN, 

i.e. V tan a = 2t tan + u tan a. 

Since a and jS are small, tan a -f- tan P = so that 

j[4,V = 2^ + 

Hence when u, v, and t are known ^ may be calculated. 

Example . — Suppose that O, Fig. 20*6(6), is a luminous point at 
distance d below the surface of a liquid whose refractive index is 
A silvered surface, S, is placed in a horkontal position at a depth t 
in the liquid. It is required to find the positions of the images seen 
by an observer looking along the normal NO. The first image is formed 
by rays of light such as OA which are refraeted at the surface of the 
liquid and appear to come from Ij. We have already determined 
the (position of this image [of. p. 665]. 

The second image I* is formed by rays of light such as OD which 
are reflected from the mirror along DE and finally emerge after refrac- 
tion at the free^ surface of the liquid along EF. To calculate the 
position of this image we note that the ray DE apparently proceeds 


Vjj = NIa : 
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from Oi, the image of O in the silvered surface. Hence jwNI, =« NOi, 

NOi -d 

Experiment, -—Two pins, A and B, Fig. 20-7, placed as shown with 
reference to a rectangular block of glass PQRS, are viewed by an eye 
at E. Pins C and D 
are used to indicate the 
path of the ray after 
refraction at K, internal 
reflexion at M (but not 
necessarily at the critical 
angle, cf . below), and re- 
fraction at L. To show 
the path of the light ray 
through the glass, an out- 
line of the block having 
been drawn, AB and CD 
are produced to cut this 
outline at K and L, and 

again at X and Y. To determine M, PS is produced so that KS = SH . 
M is obtained by joining HL. The refractive index of the glass is 
KM LM 

equal to the ratio or to [cf. p. 363]. 

Total Internal Reflexion. — ^Let us now consider what happens 
when light passes from a dense to a rare medium. Let 0, Fig. 20‘8, 




be a luminous point in a medium whose absolute refractive index 
is greater than unity (water, for example), ON being the normal 
through 0 to the surface. If a and are the angles indicated, 
then, with the usual notation, 






sin^ 

= ^ = /*(say). 


or 


.( 2 ) 
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This latter fraction is greater than _ unity. Since sm 90”^ 1, 
it follows that the emergent ray will travel along the surface 

when 

-JL- -= » or sin a ~ “ . . . • * (3) 

sin a 

The rays of Ught which travel from 0 and which are incident upon 
the surface at a greater angle of incidence than f /f] 
cannot pass into the air— they are totally internally 
and oh4 the usual laws of reflexion. The particular angle of 
Lidence given by (3) is termed the crUical «^SleJor 
travelling in water and incident upon a water-air interface. If it 

is denoted by 6, 


1 




sin 0 = — . . • • • 

, 

In the general case, the term “ critical angle ” refers to rays 
travelling in a medium whose refractive index relative to that of 
a second medium is greater than unity and 

face between the two media. It will be noted that total mternal 
reflexion is only possible on the side of an interface where the 
medium has the higher absolute refractive index. ^ 

It must be realized quite clearly that although it is only when 
the angle of incidence is greater than the critical angle that the 
light is totally internally reflected ; yet, for angles of incidence 
lis than the critical angle, a portion of the light is reflected, the 
remainder being refracted — see the diagram. UC- 
Experimental Determination nf the Refractive 
Glass.-Suppose that A, Fig. 20-9 ^a), is a semi-cylindrical block 



of glass, and that B is a straight black line rided on a piece of 
ground glass, C. Suppose that B is almost in contact with A 
along its axis. By viewing the line B through the curved surface 
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of the glass the directions of a series of rays emerging from the 
curved surface of A may be traced. It will be found that the 
field of view has two de^te limits, beyond which it is impossible 
to see the line B. Let pins PjQi and P2<32 define these limits. 
If these rays are produced backwards they will intersect at B, the 
angle between them being 20, where 0 is the critical angle for rays 
incident upon a glass-air interface. 

To discover the reason for this, let us consider Fig. 20*9 (6). 
This is a very much enlarged diagram of the region near B and 
shows a ray of light from B striking the flat edge of A at grazing 
incidence. The refracted ray then makes an angle almost equal 
to 0 with the normal at the point of incidence, and when the 
grazing angle is zero, the angle of refiraction is 0. Then 

cosec 0 = afJt>gr 

To Determine the Refractive Index of Water by a Critical 
Angle Method.-— Let ABCD, Fig. 20*10, be a ray of light pass- 
ing through a rectangular block of glass bounded on two sides 
by water and by air respectively. Let a, /?, and y be the angles 
indicated. Then sin a = sin /?, and ^iig sin ^ = sin y, i.e. 

7t 


As a increases, y finally reaches a value *x, 

2i 


If 0 is the value of a 


sm a = sm y. 

when the ray BC is internally reflected at C. 
when this occurs, sin 0 = 1, i.e. 0 is 
the critical angle for water-air. Hence 
may be calculated when 0 is 
known. The necessary apparatus is in- 
dicated in Fig. 20*11. iTwo small plates 
of glass, A, are cemented together by 
sealing-wax along their edges so that 
an air film of constant thickness re- 
mains between the plates. This is 
attached to a pointer moving over 
a circular scale [shown dotted]. A slit 

S, illuminated by a sodium flame, a 
convex lens arranged so that S is in 
its focal plane so that parallel rays pass 

through it, the compound plate A immersed in water, and a telescope 

T, focussed for parallel light, are arranged in a straight hue. A is 
rotated until the image of S in the telescope just disappears. The 
position of the pointer having been noted, A is rotated until the 
image appears again. The rotation is continued until darkness 
occurs again, and so on until A has moved through 360®. The 
positions of the pointer having been noted on each occasion, the 
mean value of the angle through which the plate may be moved and 
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the field remain bright is deduced. HaK this angle is 0, and we 

have already shown that sin 0--^. 

[If, when total internal reflexion has occurred, the cell is filled 
with water, an image of S appears at once in the telescope.] 





!r^l> 


Fig. 20*11. — by a Critical Angle Method. 

The Refractive Index of a Liquid. — Fig. 20*12 shows a box to 
which two equal, upright, brass strips PN' and QN are fixed ; a 
scale in mm. forms the base for these uprights. The liqifid is placed 
in the box and the screw A is moved until the surface of the liquid 
is just above l!T and W — ^the scale is then level. Observe, through 



a cardboard slit B, the division on the scale wliich is just visible— 
ONB is the path of the ray. Run ofl the liquid and again observe 
through B the division M, which can just be seen — BNM is a straight 
line. Measure QN and make a large scale drawing of QOMN. 
Now the index of refraction of the liquid with respect to air, 
is expressed by 

sinMNQ 
sin ONQ 

If, therefore, these two angles are measured, the value of the 
refractive index can be calculated. 
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The' refractive index of a liquid may also be determined with 
the aid of a concave mirror. Its radius of curvature is first 
measured by making use of the fact that if a small object such as a 
pin is at the centre of curvature of a concave mirror its image is 
also ther^. A small quantity of liquid is then introduced into the 
mirror, and a pin placed in a 
horizontal position is moved 
up and down until its point 
is again at the same distance 
from the mirror as its image. 

In making this adjustment it 
is best to work with the point 
of the pin owing to distortion 
produced near the other end 
of the image. This distortion 
is caused by the curved sur- 
face of the liquid near the 
periphery of the mirror. Let 
C and 0, Fig. 20*13, be the 
positions of the pin in the two 
instances respectively. Then 
C is the centre of curvature 
of the mirror. The image 0 is 
produced by rays such as OA which after refraction at the surface 
of the liquid travel along AB, a normal to the surface of the 
mirrorj Such rays are reflected along their original paths and 
form an image at 0. If i and r are the angles of incidence and 
refraction at A, 


^ A 


1 

__ 


1 / 



Fia. 20*13 . — iM for a Liqtdd by means 
of a Concave Mirror. 


_ sin i __ AE ^ AE _ AC 
sin r AO * AC ~Ad* 

If the mirror has |l large radius of curvature the depth of the liquid 
is small and we may assume that OA = OE ==: OB, and 

■ A0=EC=DC. Hence^=^. 

The Pulfrich Refractometer. — The principle^ of the Pulfrieh 
refractometer, an instrument which is used to determine the refrac- 
tive index of liquids, oils, and fats, can be inferred from Fig. 20*14. 
A metal plate BD is cemented to one face of a cubical block of glass, 
so that a smaU chamber is formed between the plate and glass 
surface. The plate must not project beyond the edge of the cube. 
The chamber is filled with the liquid under examination and a well- 
illuminated white card is placed at a little distance to the left of 
AB. The light rays, which are incident on the glass-liquid interface 
at an angle just less than 90^, are refracted into the glass at the 
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critical angle 6, so that they travel in the direction OEPQ. All other 
rays enter the glass cube at an angle of refraction smaller than 0. 
If , therefore, an eye is directed along QP the field of view will con- 
sist of two portions, one of which is much darker than the other. 


Fig. 20-14, — ^The Pulfrich Eefractometer. 

Let ^fjLg and be the refractive indices of the glass and liquid re- 
spectively, ijUg being the refractive index for glass with respect 
to the liquid. 

Then [of. p. 364]. 

From the figure, however, 

sin 90" 1 


where 6 is the critical angle for rays travelling in glass and incident 
upon a glass-liquid interface. 

Hence sin 6 ==^, 


But aUg = . 

Since ABE is a right-angle, ^ 

sin f = cos d 

sin i ^ sin i 

cos 0 aptg 

Squaring and adding the expressions for sin 0 and cos 6 we get, 
since sin^ 6 + cos^ 6 = I, 






I 



lr 

Fia. 20*15. — Caustic Curve by Befraetiou at a Plaue Surface. 

Any ray of light such as OA emitted from the luminous point 0. 
is refracted at the interface and then travels along the direction AB, 
Suppose that BA produced cuts the normal NO in J. As A moves 
away from N the point J moves towards N, If many such paths 
are constructed for various positions of A, then it is found that AJ 
is always tangential to a certain curve termed the caustic curve by 
refraction at a plane surface. This curve is the envelope of all the 
lines''"AJ. , ■ 

This particular caustic is very easily constructed. We take a 
point I in ON such that ON = [i , IN, and 
line IK parallel to XY. Draw any ray 
luminous point 0, cutting XY in A and IE 
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Hence if the angle i is measured, can be calculated, if has 

been previously determined. To deterniine sin i, pins are placed 

at P and Q so that they appear in line with the dark edge of the 

field. A ruler is placed along DF and this straight line produced. 

Prom Q the line QG is drawn perpendicular to DF, then 

. . EG 
cos QEG = sm ^ 

EM 

Caustic Curve by Refraction at a Plane Surface.— Let XY, 
Fig. 20*15, be the trace of a plane interface between two media, the 
lower one having a refractive index with respect to the upper one. 

'■ ^ ■ ■ 
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and radius AK describe an arc to out ON in J. 
it to B : 


Join JA and produce 


then AB is 

the refracted 

ray, i 

for 

ON 

OA 

OA 

OA 

AN 

■ft 

II 

~ AK 

~ AJ " 

~ AN 

• A J' 

AN 

/AN 

sin 



~ AJ j 

'0A~ 

’ sin a 




where a and ^ are the angles of incidence and of refraction at A. 

If a sufficient number of lines AJ are constructed their enYelope 
is the caustic curve required. 

Refraction through a Prism. — ^In optics the teim prism denotes 
a body bounded by three planes which intersect in three parallel 
straight lines. A section of the prism made by any plane normal 
to one (and hence three) of its edges is termed a principal plane 
of the prism. Let ABC, Kg. 20*16, be a principal section through 
a prism— the base is drawn as shown in order to indicate that it plays 

no part in the present problem. The BAG is called the angle of 
the prism (a). Let LM be the incident ray, being the angle of 
incidence. Let MN be the path of the ray in the prism, NP 
the emergent ray, and the angle of emergence. Produce PN to 
meet LM produced in S ; in order to bring LS into the same direction 
as NP, it must be rotated through the angle 6— this is called the 
angle of deviation. 

Suppose that KMD and ND are the normals to the faces of the 
prism at M and N ; then a circle can be drawn to pass through 

A, M, I) and N. It therefore follows that MDN == 180® — a. 



Also, since the exterior angle of a triangle is equal to the sum of 
the two interior and opposite angles, 

d = 

5= — ri) 4 “ (4 — r^) = (4 + 4 — a) 
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JS^Cjperlmenf.'^Commencmg with angles of moidence not less than 
35®, and increasing them by 5® intervals to about 70®, plot the paths 
of light rays through a prism. Measure the angles of incidence and 
the corresponding angles of deviation. Two results are obtained from 
each setting since if % is the angle of incidence, the deviation is still 
equal to d. It will be found that <5 decreases and then increases, as i 
increases, i.e. there is a minimum value for S. This angle is called the 
angle of minimum deviation. It will also be discovered that the 
deviation is a minimum when t’a, i.e. the angles of incidence and 
emergence, are equal, i.e., the' ray passes S3rmmetricaliy through the 
prism. 

Image Produced by a Prism. — Let P, Fig. 20*17, he a luminous 
point and suppose that PQ is that ray which, after refraction, passes 
through the prism with minimum deviation. If PR and PS are 
two other rays incident at slightly different angles, an inspection of 
the graph obtained above shows that the deviation of these rays will 



be practically the same as that of PQ since near the minimum on 
the curve the deviation only varies slightly with the angle of inci- 
dence. Hence the passage of the rays through the prism does not 
alter the amount by which they diverge, i.e. the emergent rays 
appear to come from a common point P'. If the thickness of the 
prism is negligible compared with the distance of P from it, the 
points P and P' are equally distant from the prism. P' is the 
virtual image of P. When the prism is not in the position of 
minimum deviation the rays emerging from it no longer intersect 
in a common point, i.e. no true image is formed. 

Experimentally the position of P' may be found by using a pin as 
object and placing a second pin so that there is no parallax between 
it and P' [this second pin must be sufficiently long to he seen over 
the top of the prism]. 

Measurement of the Angle of a Prism. — Suppose that AB and 
AC, Fig. 20*18, are the two faces of a prism between which it is desired 
to measure the angle. Parallel straight lines having been ruled 
upon a sheet of paper, pins are placed at I>, E, F and G to define 
two parallel rays. These rays are reflected from the prism faces 
and the reflected rays are defined by means of the pins P, Q, R and 8. 
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Let L and M be the points of incidence of the rays. Produce PQ 
and SR to meet in O, and then draw AH and OK parallel to the 
incident rays DE and GF. 

. ■ ■ ^ 

Now all the angles marked x are equal, so that the LOK is 2 ck, 

■ '/x , ■ 

because OK is parallel to HE produced. Similarly the MOK is 2y 
where y is the angle indicated. It therefore follows, by simple 

addition, that the LOM is twice the angle of the prism, for this 
latter is x + 



Determination of fi. by means of a Prism.— i : When 
the angle of incidence r corresponding to the minimum deviation 
d has been found, can be calculated. For, in this instance, 
it ia == b>i = rg = r "(say). •, 

Hence a = 2f or r = “ 

Jj 


and 

or 


d==2{i-^r) 

. J5 , . • Ot + 


• _ sin i _ sin | ( a + 

" ^^ sinr "™ sin |a * 

• This equation involves a, the angle of the prism, so that this 
quantity must be known before the refractive index can be cal- 
culated; 


Method a : A piece of ground glass is attached by an india- 
rubber band to the base BO of a prism ABC, Fig. 20-19. Then every 
point on the base is a source of light sending rays in all directions. 
Let S be such a point and consider two rays SH and SK emitted 
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by S in the principal plane of the prism. If SH is incident npon 
the face AB at an angle less than 0, the appropriate critical angle, 
there will be a refracted ray HJ. On the other hand, if SK is 
incident at the critical angle 0, it will be totally reflected from 
the face AB and strike the face AC from which it will emerge in 
the direction PQ. Similarly, rays from S incident upon AB at 
angles greater than 0 will leave the prism after being refracted 
at the face AC. If, therefore, an observer looks into the face AC 
he will find that the field of view is divided into two regions, one 
relatively much darker than the 
other— it is the presence of ex- 
traneous light and that reflected 
from BA before the critical angle 
is reached (cf. p. 370) which pre- 
vent the field from being com- 
pletely dark. The line of demar- 
cation between the two regions 
will vary with the position of the 
observer, because different points 
in BC correspond to the particular 
line of demarcation observed. 

For one convenient position the 
line of demarcation may be 
indicated by two pins P and Q. 

To determine the point in S from which the ray PQ proceeds a 
vertical line having been drawn upon the surface of the ground 
glass and this replaced, the glass is moved so that the line on it is 
always parallel to the refracting edge of the prism and until the 
image of the line formed by reflexion at K and refraction at the 
face AC appears to lie along QP produced. If T is the image of 
S in AB, by joining TO by a straight line we obtain K. If EN 
is normal to AB at K, SKN is 0, the critical angle required, so 
that is known for sin 0 = 1. 

Prisms with Small Refracting Angles. — Suppose that a, 
the refracting angle of the prism, is small. Then, as on p. 376, 
we have 

<5 = (ii + ^a) - + ^ 2 ) 

and -j- rg = a. Since a is small, and rg must also be small, 
since each is less than a. But sin ^ 1 = ^ sin ; and if is small, 
is also small, so that sinii and sin rj may he replaced by 
tod fi respectively. Then and ^ and 

<5 = (^ - 1) (ri + Tg) = - l)a. 

. The above equation is used in connexion with achromatic prisms 
jcf. p. 424]. 



Fia. 20- 19. — fjt. for Materialof Prism 
by Critical Angle Method. 
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Images in a 
TMck ■ Mirror.---To 
explain the formation 
of the several images 
seen when a candle is 
held in front of a 
thick mirror, let ns 
consider what hap^ 
pens to a single ray 
OA, Fig. 20*20 (a), 
sent ont by a lumi- 
nous point 0. At A, 
a point on the front 
surface of the mirror, 
a portion of the light 
energy is reflected 
giving rise to the ray 
AP, whilst a second 
portion is refracted 
giving the ray AB. 
At B, a point on the 
back of the mirror,, 
reflexion occurs and 
we have the ray BC. 
When this reaches 
the front surfa^^e 
there is formed the 
reflected ray CD, 
parallel to AB, and 
the refracted ray CQ, 
parallel to AP. The 
further coui‘se taken 
by the light ray is 
indicated, and the 
diagram shows that 
there is a system of 
paraUel rays emerg- 
ing from the mirror. 
But this system does 
not produce the 
multiple images seen 
in a thick mirror. 
For an image to be 
seen there must be a 
pencil of light pro- 
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ceeding from tlie object to tbe eye of the observer. Let us con- 
sider a pencil of rays of which OA, Fig. 20^20 (b), is the central ray, 
and 0^1 and O^a the extreme rays. These rays will be partly 
reflected at the first surface, but we shall assume that these rays 
do not enter an eye E. Suppose, however, that the central ray 
is refracted along AB, reflected at B along EC, and that a 
refracted ray CD is produced at C. If the refracted pencil of 
which CD is the central ray is Cj and this pencil enters 

the eye E, an image will be produced at I. This point is only on 
the normal to the mirror through 0, if the eye is near to that 
normal. [In the diagram the distance between E and the above 
normal has been made large for the sake of clearness, although 
actually the eye E is supposed to be near to the normal through O.] 

To account for the multiple images let us refer to Fig. 20*20 (c) 
where only the central rays of diflerent pencils from 0 have been 
drawn. If the pencil OA, after reflexion at A, enters an eye E an 
image will be seen at The rays belonging to this pencil which 
enter the glass traverse slich paths that they do not enter the eye. 
Now the pencil OB likewise gives rise to a reflected pencil at the 
front surface, but these do not enter the pupil of the eye E. Let us 
assume, however, that the rays emerging after one reflexion at the 
silvered surface do enter the eye : then a second image will be seen 
at I. This image will generally be the brightest, since most of the 
energy will be in the pencils which suffer one reflexion at the silvered 
surface. Similarly, if the rays in the pencil OC after two reflexions 
at the back surface enter E a third image will be formed at 4. The 
formation of the other multiple images may be explained in a 
similar manner. In practice, seldom more than six images are seen, 
for, owing to absorption m the glass, the energy in successive 
emergent pencils after the second rapidly diminishes. 

It is interesting to note that when the angle of incidence increases, 
more and more energy is reflected from the first surface so that 
ultimately the first image becomes brightest. 

An instructive variation of this experiment is to view the moon 
in a thick miiTor, when only one image is observed. This is because 
all the pencils incident upon the mirror are parallel to one another, 
so that, in spite of the multiple refraction and reflexion of the rays, 
all the rays emerging from the mirror form a parallel system, and 
when rays belonging to such a system enter the eye only one image 
is seen. If a distant candle is observed in this way and several 
images are seen, the two faces of the mirror cannot be parallel to 
each other. 

Atmospheric and Astronomical Refraction. — ^It sometimes 
happens that the layer of air immediately above a flat stretch of 
land or water on which the sun is shining is hotter than the more 




382 


OPTICS 


1 4. /I Urr^r-a Tts dcnsitv and refractive index are therefore 

elevated kyers. Its ^^mity »a are therefore 

Sdent on the Lrface at very large angles and are 

r^e " 

JhSage rfti?sk^'SSnLkr^ tSpTstre^ of water. 

o^iS IZ^hXiot afr r^ 

of hotair 

aot\ke nrisms deviating the rays passing through them.^ Smoe 

+£ 2 e S snoh prisms I continually changing, the deviations are 
the sme of sucti p™ ^ -dbratory object. 

SS of the stars is siniilarly. attributed 
to ctn^inequalities of the refractive index of portions of the 

^*^othS^effect of atmospheric refraction is to make the stars 
appear higher than what they really are, each layer oi air makmg 
a^contribution to the total deviation, i.e. the refraction does _ 
occur at one particular interface and the rays foUow a ' 

Xother phenomenon attributable to atmospheric refraction is 
kntwn as the “ horizontal moon ”-we refer to the erfarg^ appear- 
ance of the moon when the latter is near to the horizon. 


examples XX 


How would you 


1. -State the laws of reflexion and refraction, 

proceed to verify them g^^gred on the back surface, 

2. -4 « Cfc S?ace 1 ray oflight is incident at an 

which IS SieW of emerges from the block 
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7.-— Explain why several images of a candle flame may be seen by a 
person holding a lighted candle in front of a thick mirror. Discuss 
the diflerence of the intensity of the images thus formed as the angle 
of incidence of the light increases. 

g^—gtate the of refraction of light and explain what is meant 
by the term critical angle. An inch cube is constructed of a material 
whose index of refraction is 1“65. Calculate the least radius of the 
opaque circular discs which must be placed centrally over each face 
of the cube, so that a small air bubble at its centre shall be invisible 
from an external point. 

9. — A small object is placed 20 cm. in front of a block of glass, the 
remote side of the block being silvered. Determine the position of the 
image when viewed along a normal to the front surface of the block 
and passing through the object itself. Thickness of glass = 10 cm. 
and its index of refraction = 1*52. 

10. — Describe and give the theory of an accurate method of deter- 
mining the refractive index of water. The refractive index for water 
is for glass it is f . A ray of light travelling in water is incident 
at an angle of 40® '^poEi a plane water-glass interface, Caloiflate the 
angle of refraction. 

11. — ^Define the terms refractive index and criiicat angUy and deduce 
the relation between the two for any given medium. A metal tank is 
completely filled with liquid, having a mean refractive index 1*6. A 
thin circular cork mat is to be floated centrally over a luminous point 
6 cm. below the level of the liquid. Calculate the least radius of a mat 
sufiicient to prevent the luminous point from being observed from a 
point outside the tank. 

12. — ^A glass whose refractive index is 1*662 for sodium light is to be 
used to coiastruct a prism such that the angle of nnnimum deviation 
for such light shall be equal to the angle of the prism. What is the 
angle of the prism ? 

13. — Show that the ray of light which enters the first face of a prism 
at grazing incidence is least likely to sufler total internal reflexion at 
the second face. Find the least value of the refracting angle of a prism 
made of glass of refractive index -J such that no rays incident on one 
of the faces containing this angle can emerge from the other face.— 
(N,EC.S.O. ’29.) 

\14) — K and are the angles of incidence and emergence for a 
ray of light travelling through a prism in a plane at right angles to the 
edge of the prism, show that 


sin*J(a 4- = sin*Ja + 


1) 8in*|a 

1 — sin*J(^i ~ sec*Ja 


where p is the refractive index of the material of the prism, a the angle 
of the prism, and d the deviation of the ray. Use the above equation 
to show that the deviation is a minimum when === 

16.— The refractive indices of a material for three rays are 
and pL^ respectively ; if the corresponding angles of minimum deviation 
for a prism of the same material are dj and d 3 respectively, and 
these are in arithmetical progression, prove that 


sin Jdj sin -f sin Jdj 
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REERAOTION OF LIGHT AT CURVED SURFACES 

—LENSES 

RefractioE at a Concave Surface.~Let APB, Fig. 21*1, be the 
principal section of a concave surface bounding a medium whose 
refractive index is Let C be the centre of curvature and 0 a 
luminous point on the axis. If OL is a ray of light incident upon 
AB, it will be refracted along LM, i.e. it becomes bent towards the 
normal OLN, Let ML produced cut the axis at I; another ray 



Fia. Befraction at a Concavo Surface. 


travels along the axis so that I is the image of 0 ; let i be the angle of 

incidence and r the angle of refraction which is also equal to the CLI ; 
let a, /3 and y be the angles shown. If only the small region near P 
is considered, i.e. the angles of incidence and refraction are small, 
then, since the sines of small angles are equal to their circular 
measure, iir [*/ sin i = sin r]. 

Now, from the diagram, 

i = y a and r=^y--^ 
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Again since the angles a, and y are small, they may be replaced 

^ d 3 

by their tangents, which are approximately equal pQ? pj 

and - respectively, where u and «; are the distances of 

PC u V r ■ 

the object and image from P, and r is the radius of curvature of 
the surface. Then 

1 ^ 

r u r V 


or 


P 


r 

%{, 




Refraction at a Convex Surface, — The path of a ray refracted 
at a convex surface is indicated in Pig. 21 ’2. With the same nota- 
tion as before, we have, . 

i = a + y, and r = y — ^ 

Hence a + y = fJi(y — 

If a, /?, and y are small, we may replace them by their respective 



tangents, and remembering that v and > are negative, we have, 
1 1 




i.e. 


V 


I 

% 




1 


Refraction through a Lens. —A lens is defined as a portion of a 
transparent refracting medium bounded by two surfaces which are 
generally spherical or cylindrical. Lenses are divided into two 
classes ; those which are thicker at the centre than at the periphery 
are termed convex or converging ; those which are thinner are 
concave or diverging. The more simple types of lenses are indi- 
cated in Pig. 21-3. 
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Suppose that [i is the index of refraction of the medium of a lens 
with respect to air, and that m is the distance of a luminous object 
from the nearer surface of the lens whose radius is ri— the object is 
assumed to be on the optical axis of the lens. If v' is the distance 
from this surface at which the image would he formed, if the second 
face were absent, then 

/£ _ i ~ ^ 

v' u Tx 


( 1 ) 


But this image will serve as an object when refraction takes place 
at the second face, i.e. we now have an object at distance K 
from this second face, if t is the thickness of the lens. Let be the 




I 

7 ' 

1 

V 

' i 

^ 1 

\ . 

Jl 


Double 

oonveJE. 


Plano- 

convex. 


Gonverging 

meniscus. 


Double 

concave. 


Plano- 

concave. 


Fia. 21*3. — ^Lenses. 


meniscus. 


radius of curvature of this second face, then, if the final image is at 
distance u from this face. 

Ill 

® 

V (v' + t) U 

The value - is used for the refractive index, since the refraction 

Jil ■ ■ ■ ' . ■ 

takes place from glass to air. If t is small, so that it can be neg- 
lected, then the above equation may be written 
1 _ ^ _ 1 — ft 
vv' rj 

A<^Hing (1) and (3) in order to eliminate we have 

11 ^ IV 

— 1 ) 

When the object is at such a point on the axis that the image is 
at infinity, i.e. v == oo, the object is said to be at first principal 
focus of the lens, while the distance of the object from the lens is 
known as first fofiol length, U This is given by 


( 3 ) 
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If the object is at an infinite distance from the lens, ^ = 0 a-nfi 
the image is formed at a distance /a given by 


U2 IJl 


This particular distance denoted by is termed the second 
foml length of the lens, the point on the axis at which the image 
is formed being the second principal focus of the lens. 

From these equations we see that for thin lenses the two focal 
lengths of a lens are numerically equal but that the two principal 
foci are on opposite sides of the lens."' In the sequel when we 
speak of the focal length of a lens we shall always imply 
its second focal length. 

The paths of rays of light proceeding from the first principal 
focus of a converging lens and to its second principal focus are 
shown in Kg. 214 {a). The case of a diverging lens is treated in 
Fig. 214 (6). Here, it should be noted that the rays do not 
actually pass through the focal points. 



Fig. 214. — ^Th© Focal Points of (a) Converging and (6) Diverging Lenses. 

The Action of Lenses. — To explain the action of lerlses let us 
refer to Fig. 21-5 (a) and (6). In (a) we have two series of trun- 
cated prisms of different angles arranged symmetrically with 
reference to an axis and with their bases parallel to this axis. 
Consider a luminous point source at 0 on the above axis. Then 
a ray of light such as OA is deviated by the prism on which it 
falls. Now the greatest deviation will be produced by the prism 
farthest from the axis. Such a system of prisms tends to make 
all the rays converge. If the number of prisms is increased in- 
definitely, their heights suffering a corresponding diminution, 
the system approximates to a double convex lens. In the 
same way a double concave lens may be regarded as an infinite 
array of such prisms having their bases turned away from the 
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axis — see Mg. 21-5 (6). Any diverging beam of light falling on 
such a system is made more divergent and the emergent rays 



Fig. 21*5. — The Action of Lenses. 


appear to come from a point on the same side of the system as 
is the object. 

Optical Centre of a Lens. — ^Let C,Ci, Fig. 21-6, be the centres 

of curvature of the two 
faces of a double convex 
lens, so that CCi is the 
principal axis. Through 
C draw any radius GR, 
and through Cj draw a 
parallel radius CiQ. Let 
PQRS be the path of a 
ray* through the lens. 
The ray PQ is parallel 
to RS since the normals 
at Q and R are parallel 
to each other. It is 
required to calculate the 
position of 0, the point 
in CCj at which QR crosses it. The /I ’sORC and C^QO are similar. 



Fig. 21*6. — ^The Optical Centre of a Lens. 


. 00 CR CA CA~~0C _-0A 
• * OCi “ CiQ CxB CiB - OOx OB' 

Hence the position of 0 is invariable, i.e. it is independent of 
the choice of R, and it is called the optical centre of the lens; 
it is characterized by the fact that all rays which pass through it 
leave the lens parallel to their original direction. For the thin 
lenses which are here discussed this optical centre is the same 
as the inid point of the lens ; rays passing through this point 
are not deviated. 

Graphical Construction oi the Images of Finite Objects 
formed by Lenses.*— Let OA, Fig. 21*7 (a), be a small finite object 
l 3 dng in a plane normal to the principal axis of a lens and being at 
a distance from the lens greater than its focal length. A ray AD 
parallel to the axis passes after refraction through F^ the second 
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principal focus of the lens. The ray AC through the centre of the 
lens is not deviated so that the intersection of these two rays gives 
the position of the image of A. Since the ray 00 passes along the 
axis of the lens the image of OA is obtained by drawing BI per- 
pendicular to the axis. 

A similar construction has been made in Eig. 21*7 (b), where the 
object is nearer to the lens than is E In this instance the refracted 



rays DE^ and AC never actually intersect but only appear to come 
from B, a point on the same side of the lens as is the object. The 
image is a virtual one, ♦ 

The appropriate construction for the image formed by refraction 
through a concave lens is indicated in Eig. 21*7 (c). Here it must be 
noted that Eg is on the same side of the lens as is the object and that 
the image is virtual. 

The Tracing of Pencils of Rays through a Lens. — ^The 
position and size of the image having been determined, the course of 
the rays by which an eye placed near to the axis sees the image may 
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be shown as follows In Fig, 21'8 the positions and sizes of the 
object and image formed in the first instance discussed above have 
been redrawn. If 1 is an eye, by joining the extremities of the pupil 
to B and producing these lines to cut the principal plane of the lens 



Fio. 21-8. — ^Method of Tracing Rays through a Lens. 

in H and K we obtain tbe confines of the refracted pencil of light by 
which the eye observes the point B in the image. If H and K are 
joined to A we have the complete pencil from A to E, Similarly the 
pencil from 0 to E is constructed. 

Conjugate Foci, — ^An inspection of Fig. 21*7 (a) shows that if OA 
is the object then IB is the image, whereas if IB is the object then 
OA is the image. The points 0 and I are termed conjugate foci. 

Referring to Figs, 21-7 (b) and (c) the points 0 and I are conjugate 
foci in the sense that if rays of light forming an image at IB in the 
absence of the lens are incident upon a lens at 0, then a real image 
will he produced at OA. 

Focal Planes and Secondary Axes. — Planes drawn at right 
angles to the principal axis of a lens and passing through its principal 
focal points are termed the and second focal planes of 
the lens. A straight line through C, the lens centre, is called a 
secondary axis of the lens. If M, Fig. 21-9 (a), is a luminous point 
in the first focal plane and MH a ray incident upon the lens at H, 
or if M is a point in that plane where it is crossed by a ray travelling 
in the direction MH, to determine the path of the ray after refraction 
through the lens we construct the secondary axis CK parallel to 
MH and cutting the second focal plane in K. Then HK is the 
required ray. 

Similarly, if PQ and RS,are two parallel rays striking the principal 
plane in Q and S, the refracted rays are obtained by joining these 
points to T, the point in the second focal plane where the secondary 
axis OT parallel to PQ cuts this plane. 

Fig. 21*9 (6) indicates how the construction is carried out for a 
concave lens. 

The Focal Length of a Lens Combination. — ^When two thin 
lenses are placed in contact they can be regarded as a single lens. 
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Let ^ be the focal length of the combination, i*e. the focal length 
of a single lens having optical properties equivalent to those of the 
two lenses in contact, whilst and /a are the focal lengths of the 
constituent lenses. If u is the distance of an object from the 
combination of lenses, an image will be produced by the first 
component at a distance v' where 

v' U fx 

This image can be regarded as an object with respect to the second 
lens which gives rise to an image at distance v from the system. 
Then 

1 _ ^ 1 ■ 

or by addition 

I I 

V % fi'fi 

Now if the combination is replaced by a single lens which gives an 


u 


7x‘^/=’ 
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image of an object at distance w at a distance w, then the focal 
length, of this lens is given by 

111 

Hence 

11 
<!> 

i.e. the power of the combination is the sum of the powers of the 
constituent lenses. [The power of a lens is defined as the reciprocal 
of its focal length expressed in metres. The unit of power is the 
dioptre,] 

Linear Magnification. — The linear magnification of a lens is 
defined as the ratio of the size of the image to that of the object and 
will always be considered positive. Referring to Fig. 21*7 (a) we 
see that 




IB 


V 

OA 


u 


since the triangles AOC and BIG are similar. 

Minimum Distance between Image and Object [Convex 
Lens]. — In attempting to arrange a convex lens to produce a real 
image on a screen, much time is often lost because it is not realized 
that unless the object and screen are at a distance apart greater than 
a certain minimum value’ it is impossible to obtain an image on the 
screen. To calculate this minimum distance in terms of the focal 
length of the lens let U, V, and F denote the numerical values of 
the quantities ^4, V, and / respectively. Then 

1.1 1 




The 


Hence 

and 


UV(UV 


and we have to determine the minimum value of (U + V)- 
above equation may be written . 

uv== (U + V)F 
XJ2V2 == (U2 + 2UV + V2)F^ 

4F^) = (U^ — 2IJV + V^)F^ = a +ve quantity. 

.•.XJV-4F2>0 [-.* UV is + >6] 

(U + V)F-4F2>0 
(jj + Y)>m ^ , 

Hence the minimum distance is 4F. 

The Equation = that P, Fig. 21*10 (a), is 

the pole of a lens whose principal foci are F^ and Fg respectively. 
Let 0 and I be two conjugate points on the principal axis of the 
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above lens. Then, with the usual algebraic convention with respect 
to signs, ^ ^ and u = - IP = PI. 

Moreover, if, as usual, / is the second focal length of the lens 


then 


The formula 


f=:-^F,P = PF,= -PFi 

. 1 = may therefore be written 

U f 


JL 

IP 


1 

PO 

1 


1 

'E,F 


i.e. 


1 

FgP- 


IF. + FaP PFi + FiO 
Let ^ = FiO and ^ == Fal. Then 

L—=. + l 

i-q-f) (-f + p) 

Whence 

Students who have difficulty with the above analytical proof 
may find the following geometrical proof for a converging lens 

Le/75 


T p 


\r Fj 


0 

(a) 



Fig. 21*10. — ^The Equation pg = — /s, 


instructive. The diagram shown in Fig. 21*10 (6) refers to the 
formation of a real image by the lens. AU distances will be con- 
sidered numerically. Then from the similar triangles IBFa and 
we have 

IEa_P^ 

IB “ HP * 

Similarly, . 

- OA “PK* 

Hence OEi.IE* = E*P.PEi. ' 

i.e. N=l/1*- 
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Worked Escamples^-^rii) OalQxd&te the refractive index of the 
material of a converging lens of focal length 15 cm., ^ the radii of 
curvature of its faces being 20 cm, and 12 cm. respectively. 

The focal length is negative. Suppose that the 20 cm. face is 
nearer to the object. Then this is and is negative, fg is positive. 


Since 


we have 




- 115 - (iW 1)[ 20 12 !* 


/. (i - 1-50. 

» (ii) What lens must be placed in contact with a diverging lens of 
focal length 25 cm. in order that the lens combination may produce 
a real image magnified 3 times of an object 20 cm. from the combination. 
Let -y be the distance of the image from the lens combination. 

I 

Since the image is real, v is negative, and v 


ZUf since m == -. 
* u 


Hence 


V = 
1 


60 cm. 

i. _ J- 

60 20 


2 

15* 


But r — r + F where is + 25 cm. and /g is to be found. 
9 Ji /a 


2 

15 


4" 


25 


1 


h 


9*4 cm. 


A converging lens of focal length 9*4 cm. is required. 

(iii) A luminous point on the axis of a symmetrical biconvex lens 
of focal length 100 cm. appears to be at the centre of curvature of the 
second face of the lens when viewed through the lens. If the object 
is 55 cm. from the lens, calculate the refractive index of its material. 

^ _ 100 cm. = + 56 cm. Wliat is y ? 

y 55 “ 100 

5,600 _ 


100 


46 

1*61. 


cm. 




This is r 
45 


Hence r, = 


6,500 


45 


cm. 


45 


5,600 5,600J 


EXAMPLES XXI 

1. — For a convex lens u = 81*6 cm., y = 30*4 cm. What is / ? 
Draw a figure to check your calculation. 

2. — ^For a concave lens w 20*6 in., and / = 14*2 in. Where is the 

image, and what is its magnification ? 

3. — ^The material of a glass lens has a refractive index 1*51. Its focal 
length in air is 10*3 cm.- What is its focal length when placed in water 
whose refractive index is T34 ? 
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4. — Two convex lenses each have a focal length 16 cm. They are 
so cm. apart. An object is placed 10 cm. in front of the first lens. 
Where is the image seen through the second lens ? WHaat is its magni- 
fication t 

5. —^ candle is placed 76*3 cm. from a screen. There are two 
positions in which a convex lens can be placed so that an image of the 
candle appears on the screen. These positions are 20*6 cm. apart. 
What is the focal length of the lens ? 

6. — A convex lens of focal length 12-7 cm. is placed in contact with a 
concave lens. The whole is equivalent to a convex lens of focal length 
18*4 cm. Whiat is the focal length of the concave lens ? 

7. — -The focal length of a convex lens is 8-2 cm. This is placed 12*1 
cm, in front of a concave mirror whose radius of curvatm*e is 6*4 cm. 
Determine the size and positioh of an image of an object 3 cm. high 
placed 3-7 cm. in front of the lens, the image being produced by refrac- 
tion through the lens, and then by reflexion at the concave mirror. 
Check by a diagram. 

8. --Wlien a pin is placed at a distance a from a convex lens an 
image is obtained at a distance 6 from the lens. Draw a rough graph 
to indicate the form of the relation between a and a -f t for different 
values of a, for virtual as well as for real images. Show how the focal 
length of the lens may be deduced from the graph. 

9. — How would you combine a convex lens and a plane mirror so 
as to give an image of a pm coincident with the object and (a) erect, 
(5) inverted ? In each case, give a diagram showing how the image 
is formed, and explain how the experiment enables the focal length of 
the lens to be determined. 

10. — -A converging lens floats on mercury. A pin and its image 
appear to coincide when the pin is 10*3 cm. from the lens. If the lens 
has a focal length 20*6 cm. what is the radius of curvature of the lens 
surface in contact with the mercury ? 

11. -— A converging meniscus lens having a focal length of 22*6 cm. 
is held in front, of illuminated oross-wices. Images appear in turn at 
the side of the cross-wires when the lens is 7*8 cm. and 3*9 cm. away 
from the wires. Calculate the refractive index of the material of the 
lens. 

12. — A. glass sphere is 10 cm. in diameter. A small air bubble 
inside the sphere appears to be 2 cm, from the nearer surface of the 
sphere when it is viewed along that line which passes through the 
bubble and the centre of the sphere. What is the true position of the 
bubble if the refractive index of the material of the sphere is 1-6 ? 

13. — ^A thin convex lens is set up with a plane mirror behind it, the 
axis of the lens being normal to the mirror. A white screen with a small 
ifluminated aperture in it is placed some distance in front of the lens 
and gradxially moved up towards it. It is found that images of the 
aperture are focused on the screen when it is at the following distances 
from the lens — 36 cm., 26 cm,, and 8 cm. The image at 35 cm. dis- 
appears when the mirror is removed. Calculate the focal length, the 
ra^ of curvature of the surfaces, and the refractive index of the material 
of the lens. 


CHAPTER XXII 

THE PRACTICAL DETERMINATION OP THE 
OPTICAL CONSTANTS OP MIRRORS AND LENSES 

The Location of Images.— The position of the image of a 
pin formed by art optical device may be found by a parallax method. 
To explain this method let E’, Pig. 22-1, be the eye of an observer 
when viewing two pins, Pj and Pg, along the straight line joining 
them. The two images be superimposed on the retina and, 

in general, it will be impos- 
sible to decide which is the 
nearer pin. To ascertain this 
fact the eye is moved slightly 
to one side into a position E^ 
or Eg when the images on the 
retina wiU no longer coincide. 
The more distant object Pg will 
apparently move to the same side of Pj as does the observer. 
We say that parallax exists between the two pins. 

The saihe argument applies if Pj is a pin and P# the image of 
another pin. Hence, if these are in such a position that there is 
no parallax between them it follows that Pj and Pg must coincide. 

The Optical Bench. — ^A convenient apparatus Tor use in many 
optical experiments is the optical bench, which consists essentially 
of a long, straight, rigid bar of metal graduated in cm., etc. A 
number of stands to hold various pieces of apparatus may be moved 
along the bar. One stand carries a piece of cardboard across a 
hole in which there is placed a piece of wire gauze. When this is 
illuminated by a lamp it serves as an object. Other stands carry 
the lens or mirror and a screen to receive the real image. Before 
attempting any work with an optical bench the various pieces of 
apparatus must be adjusted so that their centres are coaxial. The 
distance between the centres of the apparatus carried in any two 
stands is determined with the aid of a measuring rod fixed horizon- 
tally in one of the stands. If possible, the same end of this rod is 
brought in ton into contact with the centres of the two objects 
whose distance apart is required. The difference of the two readings 
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indicated by the pointer attached to the stand carrying the rod 
gives the required distance. More often, it is only expedient to 
bring opposite ends of the rod into contact with the two objects. 
When this is so the distance required is the sum of the displace^ 
ment of the stand carrying the rod and its length. 

The Radii of Curvature and Focal Lengths of Concave 
Surfaces . — Method i: We have already seen that the image of 
an object in a plane through the centre of curvature of a concave 
surface and normal to its axis lies in that plane and that it is equal 
in size to the object but inverted. If, therefore, a concave mirror 
is placed in front of an illuminated piece of wire gauze and moved 
until a sharp image is formed immediately below the gauze, the 
distance between the mirror and the gauze is equal to the radius of 
curvature of the mirror. 

Method ii : The illuminated wii^e gauze is placed slightly above 
the axis of the mirror and the image, which is then formed just 
below the axis, obtained on a white 
screen. The distances u and v 
may he Pleasured and / calculated. 

A series of observations should be 
taken and a mean value of / de- 
duced. 

A mean value may also be de- 
duced graphically as follows : — 

Points U and V on rectangular 
axes Ox and Oy and such that 
GU = u, GV = are plotted (due 
attention being paid to signs) 
and a straight line drawn through them. The equation to this 
line is 



u'v 



In Fig. 22*2 a series of such lines for corresponding values of u and 
V are shown. Now the particular values of the intercepts on the 
two axes made by any one of these lines are related by the equation 


The above two equations indicate that the point whose co-ordinates 
are (ig = ==; J) lies on this line. Since we have considered the 

general equation to these lines it follows that they all pass through 
the point (/, /) shown at P. ^ 

The Radii of Curvature and Focal Lengths of Convex Sur- 
faces. — Mefftod i ; A long pin AB, Fig. 22*3, is placed in front 
of a convex mirror M and a plane mirror N, and the eye E of an 


398 OPTICS 

observer directed along the axis. Two images I and C will be seen. 
The one formed by reflexion from the convex mirror consists of a 
diminished and virtual image of the upper part of the pin, while 
that formed by the plane mirror is a virtual image of the lower 
part of the pin. Its magnification is unity, and it is at the same 
distance behind the mirror N as the object is in front of it. The 



Fig. 22-3. 


mirror N is moved until there is no parallax between the two 
images. The appropriate values of w and v may be determined 
from the positions of the various pieces of apparatus. Instead of 
working out each of a series of observations, a graphical method 
similar to the above may be used. It will be found that {x, y) 
lies in the third quadrant, i.e. each co-ordinate is negative. 
^j^Method a : In this method an auxiliary convex lens is used to 
jform a real image of a small object. The convex surface is then 
placed behind the lens and moved until an image is produced 
adjacent to the object. This image is inverted and is formed when 
the distance between the pole of the convex mirror and the screen 



. Fig. 22*4. 


on which the image IB was obtained is equal to the radius of curva- 
ture of the mirror. To show that the image is inverted we shall 
make an accurate drawing and avoid the difficulties of an 
anal3d;ical proof. 

Let OA, Pig. 22*4, be the object and C the centre of a lens whose 
principal foci are Pj and Pj. In the abseitce of the convex mirror 
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the real image IB is produced. [The construction lines used are 
not shown.] Let us assume that P is the pole of a convex mirror 
whose radius of curvature is PI. Consider the ray AD which 
after refraction through the lens travels in the direction DPB, 
i.e. towards the pole of the mirror. It is reflected along PE where 

DPC = EPC. To determine the path of this ray after passing 
through the lens we produce EP to cut the second focal plane of the 
lens in G and draw the secondary axis G(a Then the refracted ray 
is EX where EX is parallei to GO. Also consider the ray HK 
travelling towards the miri’or in a direction parallel to the axis of 
the system. After reflexion it travels along KL, where LK produced 
passes through the focus of the mirror. If this line cuts the 
second focal plane in N, the line LX parallel to the secondary 
axis NO gives us the refracted ray. Since these two refracted rays 
intersect at X and the ray 00 is reflected back along CO, the 
image must be OX. 

[Attention is again called to the fact that in all such diagrams as 
Pig. 224, the scale in a direction perpendicular to the optical axis 
is very much enlarged, so that the ray AB does actually pass through 
the lens, and that the lens in the diagram is only to remind us of 
the type of lens in use and that it does not represent the lens on 
the same scale as the rest of the diagram.] 

The Focal Lengths of Convex Lenses. Method i : The 
convex lens is arranged to produce a real image of a piece of illumin- 
ated gauze and the distances u and v measured. The value of the 
focal length is then calculated. A graphical method similar to 
that described for mirrors may also be used. If u and v are the 
intercepts made by a straight line on the axes OX, OY, its equation is 


Since u, v and / are related by the equation 

1 

V u f 

it follows that the point ( — /,/) lies on aU such lines for any one lens. 
Since / is negative for convex lenses, it follows that the point 
(“/> /) in the fourth quadrant. 

Method ii : In this method use is made of the fact that rays of 
light proceeding from a point in the first focal plane of a convex 
lens form a parallel beam after refraction through the lens. The 
direction of this beam is parallei to that secondary axis passing 
through the luminous point and the centre of- the lens. If such a 
beam falls upon a plane mirror it will be reflected as a beam of 
parallei light and if this passes through the lens an image will be 
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produced in the plane containing the object. We now have to 
show that the image is equal in size to the object but inverted. 

Let OA, Fig. 22*5, be a small object (illuminated wire gauze) in 

the first focal plane of a 
convex lens whose centre is 
C. Let AD be a ray which 
after refraction passes along 
DE where DE is parallel to 
the secondary axis AC. 
This ray will be reflected 
along EF where DE and 
EF make equal angles with 
the normal to the plane 
mirror at E. If CB the 
secondary axis parallel to 
EF is constructed then 
after refraction the ray EF travels along FB where B is the 
point of intersection of CB with the focal plane through 0. Since 
the mj OC will be reflected along the principal axis of the lens 
the image will be OB, where OB is perpendicular to OC. Since 
the J's OAC and OBC are congruent OA = 0B. 

Method Hi : This is known as the displacement method. The 
convex lens, Fig. 22*6, is arranged to form a real image of some 







< ->I 

\ / 


B 
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Fig. 22*6. — ^Focal Length of a Convex Lens by Displacement Method, 
illuminated cross-wires, P, on a screen S. [The distance between 
P and S must therefore be greater than j4/[ — cf. p. 392.] The 
wires and screen being fixed in position, the lens is moved to 
a position B such that a real image is again produced on the screen. 
Now the distance of the lens from the wires at P in the first instance 
is equal to the distance of the lens from the screen S in the second 
instance. Hence, using a, b, and c to denote the numerical values 
of the distances indicated, we have, in the first instance, [-itl = c 
and |??1 = 6 -f c. Hence, . 

■■ 1 ^ ^ 1 


But a == b 4" 2c, so that 

. I/I 


(b + c) 
(a*. 


6 *) 


4a 
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The great advantage of this method is that we have to measure 
the shift of the lens and therefore the method does not involve any 
error due to an incomplete knowledge of the position of the optical 
centre of the lens under investigation. 

Method iv : If the linear magnification and either v. or u be 
known the focal length of the lens may be determined. A slit 
exactly 1 cm, long is used as object and the image focused on a 
ground-glass screen having a mm. scale engraved on it. This 
enables the magnification to be read ofi at once. The lens, etc., 
are first arranged so that the magnification is unity. The lens is 
kept fixed and the slit and scale moved until the magnification is 
2, 3, 4, etc. The distance through which the scale is moved is numer- 
ically equal to the focal length of the lens. Let and be the 
distances of the image when the magnification is 1 and 2 respectively. 


Then since ~ i we have L Since the 

V u f i»i |m| i/I 


m 


magnification is we have 


m 


M 

l/l 


1. 


When m is respectively 1 and 2, we have, 


,hl_l and 2-1^ 

I/I 


Hence 

1/1 = - W- 

The expression Ival— measures the displacement of the 
screen upon which the image is received, if the lens remains fixed 
in position. This method is useful when the lens is mounted in 
a tube, since it does not require any knowledge about the position 
of the lens itself. 

It is interesting to note that this method may be used to determine 
the focal length of a thick lens or system of lenses. 

Method V : The following method is due to the late Professor 
SiLVAHiTS P. Thompsoh. The apparatus required is the same 
as in the last experiment, but the scale is fixed one metre from the 
lens and the slit (1 cm. long) moved until a clear image is formed. 
Let the image be m cm. long. Then the linear magnification is 
m, and we have 


m ■ 


100 

UT' 


1. or [/[ : 


100 


I + W* 

Method vi: A telescope is adjusted so that a clear image of 
some distant object is formed. The convex lens whose focal length 
IS required is then placed coaxially in front of the telescope and a 
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piece of printed matter held at a little distance from the lens. 
The plane of the paper must be normal to the common axis of the 
lens and telescope. The distance of the paper is altered until a 
clear image of the print is seen through the telescope. Since the 
telescope has been adjusted for parailei light it follows that the 
printed paper must be in the first focal plane of the lens. The 
distance between the lens and paper is therefore |/|. 

The Focal Lengths of Concave Lenses.— f : The 
concave lens is placed in contact with a convex lens of known focal 
length and of such power tliat the combination is equivalent to 
a convex lens. The focal length of the combination is determined. 
Let this be (j>. Then if fi and /a are the [second] focal lengths of the 

convex and concave lenses respectively, 

be calculated. 


^ ^ that /a may 


Method ii : If the available convex lens C, when placed in contact 
with the concave lens D, is not sufficiently powerful for the combin- 
ation to be convergent, the lens 0 is arranged to form a real image 
of an object 0, Fig. 22*7. The concave lens is then placed between 
the convex lens and and a real image Ig produced. Then Ij 
is acting as a virtual object giving a real image If s-Jid v 



are respectively the distances of the ‘‘object ” and the image 
la from the centre of the concave lens, its focal length may be cal- 
culated. If a series of corresponding values of u and are obtained 
a graphical method similar to that used on p. 399 may be employed. 
It is left as an exercise to the student to show that the lines intersect 
at the point (— /,/) lyipg in the second quadrant, sinoe/is positive. 

Method in : A convex lens Lj, Fig. 22*8, is arranged to produce 
a real image I of a point source 0 situated on the axis CO of the lens. 
The concave lens Lg and a plane mirror are then placed behind the 
lens Lj and moved to such a position that an image of the object 
is produced alongside the object. This is offiy possible when all 
the rays from O after refraction through the two lenses fall normally 
on the plane mirror, i.e. the rays refracted through the concave lens 


s 
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are paraUel to the axis CD. The distance DI is therefore niimerioally 
equai to the focal length of the lens Lj. 



The Refractive Index of the Material of a Lens. — ^We have 
already learnt [cf. p. 387] that the focal length of a lens is related 
to the radii of curvature of its two faces by the formula 


1 

/ 


= - 1 ) 



where the symbols have their usual meanings. If the lens used 
is a double concave one the radii of curvature of its two faces may 
be found at once by the method indicated on p. 397. When one 
or both of the surfaces are convex, however, the method is not so 


I 



direct. Let L, Fig. 22-9 (a), be a double convex lens, the centres 
of curvature of its faces being Ci and 02 , while rj and are the 
oorresponding radii of curvature respectively. Consider a ray OA 
from a point object 0 so placed that the refracted ray travels 
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along AB, the normal to the second surface of the lens at B. At 
this point the energy of the incident light is partly reflected and 
partly transmitted. [This happens in all cases when light is 
incident upon a boundary separating two media, unless the angle 
of incidence is greater than the critical angle concerned.] In the 
present instance, however, the reflected portion returns along the 
path BAO and is used in setting the lens in the desired position 
with respect to 0. The transmitted portion of the energy appears 
to come from Og. These statements apply to all paraxial rays 
from 0 when, after refraction at the first surface of the lens, they 
faU normally upon the second surface. If therefore one looks 
through the lens, the image of 0 will appear to be at Cg. The 
position of this image may be calculated if the focal length of 
the lens and the distance v, are known. The particular value of 
V so obtained is equal to fg. 

In order to discover when the object and lens are correctly placed 
for the above conditions to hold, use is made of that portion of the 
light energy which is reflected from B along BA and after refraction 
at A produces an image at 0. The distance u is then measured 
and fg calculated. 

By reversing the lens the radius of curvature of the other 
surface may similarly be found. The value of ju for the material 
of the lens may then be calculated. 

The above experiment is most easily carried out with the aid 
of illuminated cross-wires, etc., but it may also be performed with 
a pin as object if the lens is floated on clean mercury. The pin 
is arranged horizontally and its position adjusted until there is 
no parallax between the pin and its image — see Kg. 22*9 (6). In 
this particular instance nearly all the light energy is reflected at 
B, but the theoiy is as before. 

The Refractive Index of a Liquid. — For this experiment we 
require a converging lens. Its focal length is first determined 
using a pin and plane mfeor. For convenience the lens is placed 
in contact with the mfrror. A small quantity of the liquid is 
then placed between the lens and mirror, forming a liquid plano- 
concave lens. The focal length of the combination is then deter- 
mined, If this is while fi and /a are the focal lengths of the glass 

and liquid lenses respectively, A = ^ -f- 1, so that/g may be deduced, 

9 /a 

Now the radius of curvature of the concave surface of the liquid 
lens is equal to the radius of curvature of that surface of the convex 
lens in contact with it. If this is known the refractive index of the 
liquid may be calculated, for 
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The Focal Length of a Convex Lens. — A variation of the tisuai 
tA and V method for the determination of this quantity is as follows ' 
An object O A, Fig. 22* 10, is placed in front of a lens so that a real 
image is produced. Instead of receiving this image on a screen, how- 
ever, a plane mirror is placed behind the lens and it is adjusted until 
an image equal in size to OA and erect is produced in the plane con- 
taining OA. Tliis occurs when the real image IB is formed at the 
surface of the mirror so that u and v are at once known. 

The “ coincidence ’’ of image and object is so perfect in this instance 
that even if the miiTor is slightly tilted the coincidence is not destroyed. 
If a pin is used as object there is no difficulty in determining when 
the image and object do coincide, but if illuminated cross-wdres are 
used it is preferable to arrange a thin sheet of glass at 45° to the axis 
and receive the image 
on a piece of ground 
glass at the same dis- 
tance from the glass as 
is the object. 

To show that the 
image fuMls all the con- 
ditions stipulated above, 
let us consider any ray 
AD which after refrac- 
tion through the lens 
travels along DB. At 
B it is reflected along 
BE, the angles of in- 
cidence and reflexion 
being equal. To deter- 
mine the path of the 
ray BE after refraction 
through the lens we may 
use a graphical con- 
struction as follows : — 

If BE cuts the second focal plane of the lens in N, the refcacted ray 
EA will be parallel to the secondary axis NC. 

The validity of the above construction may be established as follows. 
If ^ is the length of the object, a and b the distances of the object 
and image from the lens centre [aU these quantities being mere 

numbers], the length of the image is - , 7i, while the distance CF^ is 



ab 

If h IB equal 
a + b ^ 

indicated. 


to CD, then CB — 


& + 2-A 



If 0 is the angle 


EM 


Hence tan ^ 




{ah i' bh) 
a 4- 6 
{ah + hh) 
{a + b) 


(—) 

\a+bJ 


SO that 
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Let the ray through E parallel to NO cut GA in Aj, Then the 
vertical distance between Ai and B is 

a I ib *4" 2"“ Ih I y I TT 

a tea ^ + ., ^L .- 

r -^1 

4- 2“^] (a 4- 6) — ^{ah 4- 

= ^ 4“ 4- 2-/^. 

a 

But this is the vertical distance between A and E, so that A and A^ 
must coincide. Since AD was any arbitrary ray it follows that all 

rays from A return to A after reflexion 
at the mirror. 

Similarly, rays from any point in OA 
return to the same point after reflexion 
at the mirror. 

Experimental Determination of 
— ^Light from an arc lamp (not shown) 
is concentrated on an aperture, S, Fig. 
22'Xl. ,Li is a converging lens arranged 
so that S is at its first principal focus. 
The beam of parallel light emerging from 
Li falls on a plane mirror, M, and is re- 
flected downwards into a deep vessel, A, 
containing water coloured with fuschine, 
A plano-convex lens, Lg, is supported as 
shown, its plane surface being upper- 
most. In this way refraction takes place 
at the curved glass-water interface. 
The light is brought to a focus at Eg. 
Let V be the distance of E g below the pole 
of the curved surface of Lg. Applying 

Fig. 22-lL— Apparatus for . 

determining it ^ ^ f* — I 



where fji is gfXtf,, and, remembering that u = oo, we have 

^ ^ - 1 


Hence, if r is known, or gjnu) may be found. 

p[f fuschine is not available the focal point F may be located by 
allowing a piece of white cardboard, loaded on its underside with 
lead shot, to fall through the liquid. The position of Fg i§ indicated 
by a blight spot of light which appears on the cardboard as it passes 
downwards through Fg — see the diagram.] 


CHAPTER XXin 


SPECTRA AND RELATED PHENOMENA 

# 

The Composite Nature of White Light. — Whilst attempting 
some experiments with lenses he had constructed, NEWT 02 <r noticed 
that the images were blurred and indistinct, whereas the images 
produced with the aid of curved mirrors were much sharper. 
Newton made other lenses, taking greater care with the polishing 
operations, but the trouble still persisted. He surmised that the 
fault lay not in the lenses but perhaps in the laws of refraction or 
in the nature of light itself. Sir Isaac had been using sunlight for 
these experiments, and proceeded to make the following tests - 
Sunlight was allowed to enter a darkened room through a circular 
hole one-third of an inch in diameter and an image of the sun was 
obtained on a screen 15 feet away. Then a glass prism was placed 
in the path of the rays so that the rays were deviated upwards. 
Newton noticed that there was an elongated image on the screen 
and that it was coloured at its extremities. Other experiments 
in which a narrower slit was used were then made and Newton 
found that the image was coloured along its whole length. He 
distinguished seven different colours — ^red, orange, yellow, green, 
blue, indigo, and violet. Since, however, .the colours gradually 
pass from one to the other, the actual number of colours is really 
infinite. The image produced in experiments similar to the above 
is termed a solar spectrum, 

Newton also selected one of the above seven colours by allowing 
it to pass through another slit, and then placed a second prism in 
its path— cf. Fig. 33d : the ray was deviated still more, but no new 
colours were formed, Newton also permitted the whole of the 
coloured spectrum to fall on another prism having its refracting 
edge in a direction opposite to that of the first prism, A white 
image was obtained. If, however, on© colour was remfoveid from 
the first image the recombination of the remaining colours did not 
produce i^rhite light, 

A piece of red glass was placed in front of the prism, when only 
theredportionof the spectrum was obtained; and on replacing the 
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red glass by a piece wMch was blue only the blue end of the spectrum 
was observed. 

From these and other experiments Newton concluded that sun- 



light, or white light as it is generally termed, was a mixture of 
several colours and that the prism merely served to separate out 
the constituent colours. The white light is said to have been 
dispersed. 

Newton's Experiment with Crossed Prisms. — Two prisms, 
ABC and LMN, Pig. 23*2, were arranged so that their refracting 
edges were at right angles to each other and a beam of sunlight 
was allowed to pass through the combination. Newton noticed that 
the' violet and blue end of the spectrum which suffered the greatest 



deviation after refraction through one prism was the most deviated 
portion after refraction through the second prism so that when the 
spectrum was received on a screen XY it was found to be inclined 
to the vertical although, in the absence of, the second prism, a 
vertical image was obtained. 

Dispersion.— The formation of a spectrum by the means pre- 
\ viously indicated is due to the fact that the constituent colours 
I present in the white light have been separated by the material of 
the prism. This is said to have produced dispersion of 


SPECTRA 409 

heterogeneous light incident upon it. By using prisms of different 
materials it is easy to show that the dispersion depends upon the 
material. 

If the source of light is monochromatic the spectrum consists 
of a single line, the prism merely deviating the rays of light passing 
thi'ough it. By using such a source and different prisms, each in 
the position of minimum deviation for the particular light used, 
it is found that the deviation depends upon the material of the 
prism. Now it is never found that a prism set in the position of 
minimum deviation for one set of rays is in the position of minimum 
deviation for all colours. In practice, when the visible region of 
the spectrum is being explored, the prism is set in the position of 
minimum deviation for yellow rays (from sodium). 

The Projection of a Spectrum on a Screen. — convex lens 
Li, Kg. 23-3, focuses the image of a powerful source of light O on 
a slit S. Another convex lens Lg is used to produce an image of 
the slit at Si. The prism ABC, with its refracting edge parallel 
to the length of the slit, is then introduced when, instead of 
the image at Si, there appears a coloui*ed band somewhere m the 
neighbourhood VR. The definition of the image will be considerably 
improved by rotating the prism until it is in the position of minimum 



deviation. It wOl also be improved by narrowing the slit and 
by adjusting Lg slightly. The spectrum obtained will be'moderately 
pure. 

In connexion with this experiment it is important to realize that 
the shape of the slit exercises a marked influence on the purity 
of the spectrum. It must be remembered that the optical arrange- 
ment really produces a series of images of the slit— one for each 
constituent colour. If, therefore, the slit is wide, the different 
images may overlap and the spectrum will not be pure. If, for 
example, the slit is replaced by a circular hole, there is produced 
a series of coloured images of the hole on the screen. Only the 
outer edge of the complete image MU be coloured — ^red at one end, 



Fig. 23-4. — ^Formation of a Pure Spectrum. 

5 , focus raTS of any one particular colour so that a brffiant image 
X 7 -D • Now since the refractive index of a mechum 

depends upon the wave-lei^h, and hence the colour 
the nrism Cannot be in the position of mmimum deviation for a 
S colours at one and the same time, i.e. the spectrum can ne-rer 
£ absofoLlv pure. In practice a compromise is effected by 
arranging the prism in the position of minimum deviation for 
veUow rays, i.e. the light from a sodium flame. y 

^ S spectrum may be produced on a screen, i.e. observed objec- 
tively or examined by a convex lens of suitable focal length pl^^ 
so t£t a virtual magnified image of the spectrum is formed 
of p. 461. The spectrum is then said to be examined subjectively. 

The Spectrometer.— One of the simple forms of this inhume J 
which was designed to examine various spectra is show m Fig. 

A prism P is Wdly fixed on a table which is capable of xotetion 

io^an through the centre of a divi^ 

narrow slit B, whose width can be adjusted, is illuminated y 
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blue at the other— the central region being white, i.e. the 
We here rSLbined to produce white fight. Simfiarly, .if tl^e 
® by another of any other form, 

of the spectrum will assume the new shape of the sht. 

The Pure Spectrum.— If neighbouring colours m a spectrum 

or^anel Jo« 

another, and thmfore the prUm cannot be ^ 

pass through it and suffer Tf 

fo-tion for the formation of a pure spectruin. i tie rays or any 

tToIZr can only be a paraUel 

paraUel beam of 

rays and brings to 
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source of light at S, and it is placed at the focus of an achromatic ^ 
converging lens L^, so that a beam of parallel light is incident 
upon the face of the prism— -the slit and lens L^, together with ^the 
tube in which^they are mounted, constitute the coHimator. 
After refraction the beam of light consists of several beams of 
various colours; this refracted beam enters a telescope T, and 
each constituent beam is focused by means of Lj, the front lens 
of the telescope ; this lens is similar to Lx. The eye-piece L3 
produces a magnified image of the spectrum [cf. chap. XXV] 



and enables the colours to be seen clearly. The image (spectrum) 
is seen at infinity. ■ 

[It will be noticed that each line in the spectrum is in a plane 
normal to that of Lg — the second focal plane of — because the 
focal plane of an’ achromatic lens is the same for aU colours.] 

The Adjustmerits of a Spectrometer.— The eye-piece is moved 
backwards or forwards until the cross-wires, which are placed 
in the observing telescope T, are visible. A distant object is then 
viewed through the telescope, and the tube carrying the eyepiece 
and cross-wires is moved until a clear image of the distant object 
coincides mth the wires— the coincidence is veiifi^ed by moving 
the eye sideways ; if the image does not apparently move with 
respect to the cross-wires, then the adjustment has been accom- 
plished. After this the adjustment must not be disturbed. The 
slit of the collimator is*then illuminated and the telescope directed 
towards it ; the slit is moved to and fro until a clear image is formed 
on the cross-wires. The telescope having been adjusted so that 

^ An ftcbromatio lens ia a double lens having a focal length independent 
of the oolom? of the light [of, p. 422 J, % 
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parallel rays are brought to a foous on the cross- wires^ it follows 
that the slit is at the focus of Li, so that a parallel beam of light is 
incident upon the prism. The slit must be narrowed to permit 
accurate measurements to be made. If it is nece^ary to level the 
prism the following procedure will be effective : — 

The term levelling the prism is really a little ambiguous ; 
what is really implied is that the refracting edge of the prism must 
b,e made parallel to the axis of rotation of the table. Three screws 
A, B, C, Fig. 23-6, enable the table to be raised or lowered. The 
prism is placed with its edge ab perpendicular to an imaginary line 

joining the two screws B and C. 
The collimator is placed so that 
both the faces ab and ac receive 
light. When the telescope receives 
light reflected from ab the screw B 
[or 0, but not both] is adjusted till 
the image is in the centre of the field. 
The telescope is then turned to re- 
ceive light from ac and the screw A 
adjusted until the image is again in 
the centre of the field. The telescope 
is then moved to its former position, and B adjusted ; the telescope 
is then brought in front of ac and A adjusted ; the process is 
repeated until the image is always in the centre of the field irrespec- 
tive of the face from which the light is reflected. 

When no distant object is available the following method due 
to Schuster is adopted: — The prism having been placed on the 
table so that it is in line with the collimator and telescope, the 
telescope is rotated until a blurred image is seen in the telescope. 
The table is then slowly moved and at the same time the telescope 




Fi©. 7.— Schuster’s Method of Adjusting a Spectrometer. 


rotated, so that it always receives the image. If the table is being 
rotated in the appropriate direction the image will soon pass through 
the position of minimum deviation. If the telescope is moved 
back through a few degrees it follows that it will receive light and 
form an image for two positions of the prism — A and B [dotted]. 
Fig. 23*7. The prism is rotated until it is in the 'position B, i.e. 
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the light falls more obliquely on the prism than when it occupies 
the position of iniiiimum deviation. The telescope is then focused 
until the image is sharp and without parallax on the cross» wires. 
The prism being rotated to the position A the image will be blurred, 
but it may be focused again by moving the slit of the collimator. 
The prism is then put in the position B and a sharp image produced 
by adjiistiiig the eye-piece of the telescope. The process is con- 
timied until the image is always sharp and wdthout para,Ilax on the 
cross-wires. When this has been achieved the collimator is produc- 
ing a parallel beam of light which is brought to a focus on the 
cross-wire of the telescope. 

To understand the principle here involved let us consider Fig. 23*8. 
Suppose that A, B, and C are three different positions of a converg- 
ing beam of light incident upon a prism such that the angles of 
incidence are respectively less than, equal to, and greater than that 
corresponding to the position of minimum deviation. Suppose 



a, 6, and c to be the images produced. The less oblique pencil A 
becomes less parallel after refraction, while the more oblique one 
becomes more parallel. the prism is in the position B, 

Fig. 23*7, the rays are as at C, Fig. 23*8. They will therefore enter 
the telescope in a more parallel position than when the telescope 
was in the position of minimum deviation. It is therefore necessary 
to adjust the telescope to improve the dejfimtion of the image. 
When the prism is in the position A, Fig. 23*7, the light entering 
the telescope will be too convergent, but this may be rendered more 
parallel by adjusting the collimator. 

To Determine the Optical Constants of a Prism. — The 
spectrometer furnishes a very accurate means of determining the 
refractive index of the material of a prism by measuring the angle 
of the prism and then the angle of nainimum deviation. It has 
been shown that the deviation produced by a prism depends upon 
the colour of the light ; hence monochromatic light, i.e. light of a 
single colour, must be used. The suppoit for an upright gas 
mantle is heated to redness and dipped init) a mixture of borax 
and sodium chloride ; the mixture is then fused in a bunsen burner, 
when the whole flame is coloured yellow. This forms a convenient 
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and almost monochromatic illuminant for the slit of the spectro- 
meter. 

(a) The Angle of the Prism . — The prism is arranged so that 
light from the collimator C is incident upon both faces at the same 
time [Fig. 23*9]. The image Ij is focused on the cross-wires of 
the telescope, the position of the telescope being observed. The 
telescope is then moved to receive the image Ig on its cross- wires, 
its position again being observed. The angle through which the 
telescope has been rotated is twice the angle of the prism [cf. p. 378], 

A second method of determining the angle of th^ prism will be 
understood from Fig. 23*10. When the image from one face AB 



Fia. 23*9. — Meafttirement of the Angle of a Fia. 23* iO. — ^Measurementi 
Prism, of the Angle of a Prism. 


has been sighted in the telescope, the latter is kept in that position 
and the prism rotated until the edge AC occupies a position coinci- 
dent with or parallel to AB. For this to occur the prism. will have 

to be rotated through an BAG. It is at once aj^parent that ti — DAC 
is equal to the angle of the prism. 

(6) The Angle of Minimum, Deviation . — The image of the 
slit, formed by refraction, is observed in the telescoj)e and the prism 
is rotated, the image being followed with the telescope, until the 
image appears to be stationary~the prism is then in the position 
of minimum deviation for rays of the particular colour characteristic 
of the sodium flame, A further rotation of the prism and the image 
recedes. The prism is then rotated and the position of minimum 
deviation on the other side of the ‘‘ line of fire ” found. Half the 
angle through which the telescope has been rotated is the angle 
of minimum deviation <3. 


Then 


■■■■■ ' __ sin |(a -f- 

^ sm |a 
where a is the angle of the prism. 
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Spectrum Analysis.— (i) Lwc Spectra. If, whilst the prism 
is on the spectrometer table, the sodium flame is» removed and a 
bunsen flame [fed with various salts, such as those of lithium, 
potassium, etc.] substituted, then coloured images of the slit ^11 
be observed in the telescope. Each image corresponds to a definite 
colour in the light emitted from the vapour of the substance- 
each image is referred to as a line in the spectrum. 

By certain means, some of which are discussed later, it is possible 
to determine the wave-length of the light corresponding to each 
line in the spectrum. If, for example, a sodium salt is heated in 
a bunsen flame the latter assumes a brilliant yellow tinge and the 
spectrum, in the ‘’visible region, consists of two bright lines in the 
yellow region. They are very close to each other and together 
constitute the and Da lines of the spectrum. Their wave- 
lengths are respectively 5896 and 5890 Angstrom units, where 
one Angstrom unit — ^written 1 A— is ec[ual to 10“ ® cm. 

Spectra of the different gases are obtained when electric dis- 
charges pass through a tube containing the particular gas in a 
rarefied condition and the light examined spectroscopically ; also 
when an electric arc is produced between metal electrodes or an 
electric spark is passed between them, the light in each instance 
being examined with a spectroscope. 

Bunskn and Ejeohhoff were the original investigators in this 
wide field of research known as spectrum analysis. One of 
their greatest discoveries was that under given conditions each 
element emitted light producing a definite spectrum which 
f was characteristic of that element only. Having made this 

discovery they began a systematic examination of the light from 
certain important stars, and from the lines, in the spectra to which 
they gave rise they established with certainty the existence of 
several elements present in those stS<rs. Later on, a spectroscopic 
examination of the light from the sun revealed the fact that there 
was present in the sun an element then unknown on the earth. 
It was called helium— a, gas now known to be present in the 
atmosphere. . 

During the present century a detailed examination of the spectra 
of the elements has enabled us to gain an insight into the structure 
of matter. 

From the above remarks it will appear that an examination of 
the spectrum of the light emitted by a certain substance when in 
a gaseous condition enables us to detect its composition qualita- 
tively ; in recent years, by paying particular attention to certain 
lines in spectra, it has become possible to estimate the actual 
percentage composition of a mixture. 

Usually a spectrum of the light from the arc produced between 

' ^ ■ 





416 


OPTICS 


metal electrodes is a line spectrum characteristic of that metal— 
it is termed an Bfc spectrum md it is now known that the corre- 
sponding colours are due to radiation emitted by an atom. 

When a spark spectrum, i.e. the spectrum given by the light . 
fi’om a spark between metal electrodes, is examined, the lines are 
not in the same positions as when the light from an arc between 
the same electrodes is observed. The spark spectrum is produced 
by the radiation from atoms which have lost one electron, i.e. 
from ionized atoms, or atoms carr3dng a positive charge of electricity. 

The Continuous Spectrum. — If the light from a white-hot 
body, such as the filament of an electric lamp, is examined with 
the aid of a spectroscope, the spectrum is found to be continuous, 
i.e. aU the lines in the visible region appear in the spectrum of the 
light from such a body. The reason for this is that the atoms get 
into a state where they are able to emit radiation, but cannot 
emit it as when they exist as a vapour. Light of all wave-lengths 
is therefore emitted and the spectrum appears continuous. 

Band Spectra. — ^In an emission spectrum the lines sometimes 
appear crowded together in certain regions. When they are 
examined with the aid of an ordinary spectroscope they appear 
as continuous flutings or bands. The line sWcture of such a 
band is only revealed with spectroscopes possessing a high 
resolving power, i.e. they are able to separate lines differing by 
only a small fraction of an Angstrom unit. We now know, that 
whereas line spectra are due to atoms, band spectra are due to 
molecules. Such spectra appear very frequently in the infra-red 
region [cf; p. 428]. 

Absorption Spectra. — ^When the light from the tungsten fila- 
ment of an electric globe or other source of white light is focused 
on the slit of a spectrometer % continuous spectrum is seen in the 
telescope. If a piece of red glass is placed before the sHt the 
image is seen to be red. The glass has robbed the whit© light of 
some of its constituents so that only the remaining colours are 
present and it is only these which are analysed by the spectroscope. 
The red image now obtained is referred to as the absorption 
spectrum of red glass. The absorption spectrum of a vapour, 
which when hot emits bright lines, is found to consist of a con- 
tinuous spectrum crossed hj dark lines in exactly those positions 
previously occupied by the bright lines of the emission spectrum. 
This shows that the cold vapour absorbs mainly those colours 
which it emits when its temperature is sufficiently high. This point 
may he demonstrated further by the following experiment : — 
The spectrum of an electric arc is projected on a screen — see the 
apparatus described on p. 410. A bunsen fiame tinged with 
so^um is placed liehind the illuminated slit — the spectrum is 
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crossed by a dark line in the yellow region — ^its position corresponds 
to that of the so-called D-line of the sodium spectrum [really there 
are two D-lines very close together, but unless a large prism and 
a narrow slit are used they will overlap and appear as one — 
we say that the prism has failed to resolve the sodium lines]. 
On introducing some sodium salt into the electric arc a bright 
yellow line appears in the place of the dark one originally present. 
This proves that the sodium flame absorbs the same waves as 
it emits. The bright sodium lines appear if an opaque screen is 
placed before the source of white light. 

The absorption spectrum of an aqueous solution of potassium 
permanganate may be investigated as follows : — The spectrum of 
the light from an arc lamp is produced on a screen and a glass cell 
containing water placed behind the slit. By dipping a glass rod 
into a strong solution of the permanganate and rinsing it in the 
water the concentration of the latter may be gradually changed 
by repeating the process. The appearance of at least two dark 
bands, one in the green and one in the blue, is soon noticed. As 
the concentration increases the two bands widen out and finally 
coalesce. Finally, the whole of the visible spectrum disappears 
showing that a strong aqueous solution of potassium permanganate 
is opaque to all visible radiations. 

The absorption spectrum of a dilute solution of didymium 
chloride is very interesting since it contains five or six bands. 
The solution may be contained in a small weighing bottle and used 
to concentrate an image of the filament of an electric lamp (fila- 
ment vertical) on the slit of the spectroscope. The spectrum is 
then examined in the usual way. 

These experiments are more likely to succeed if a hollow prism 
filled with carbon bisulphide is used since the dispersion is greater 
than with a glass prism. 

The Solar Spectrum.- — By reflecting a beam of sunlight on 
to the sHt of a spectrometer its spectrum will be found to consist 
of a continuous background crossed by many dark lines. These 
are termed the Fraxjnhgfeb lines in honour of the man who dis^ 
covered them. Botsbk and KmoHOEr showed that they were 
in the same positions as some of the bright hnes of the emission 
spectra belonging to terrestrial elements ; they concluded that these 
elements were present in the sun. It is now known that the dark 
lines are due to the absorption of some of the white light emitted 
by the central and hotter regions of the sun as it passes through 
the cooler envelope [the cftromo^fphere] surrounding the sun. 

The RecomMnation of Spectral Colours. — Reference has 
already been made [c£ p. 407] to the fact that ISTewtoh used a 
second prism, with its refracting edge pointing in an opposite 
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direction to that of the first prism, in order to show that the 
colours of the complete spectral fan could be recombined to produce 
white light. Another arrangement — ^known as a colour patch 
apparatus — ^whereby the same and other facts may be established 
is as Mows. A sHt, S, Pig. 23-11 (a), is iUuminated by the light 
from an arc lamp and a converging lens Lj arrai^ed so that in 
the absence of the prism ABO a real image of the slit is formed 
at I. The prism, for preference a hoEow one filled with carbon 
bisulphide, is then placed in position so that a pure spectrum is 
produced at RV. L, is a converging lens arranged so that it gives 
rise to an image of the face AB of the prism on a distant screen. 



If the adjustments have been carried out properly this final image 

win appear white. , , . a t> u- 

To understand the formation of this white, image let AB, Pig. 
23-11 (6), be an aperture in a screen — ^this corresponds to the face 
AB of the prism. L* is a converging lens producing an inverted 
image CD of AB. The construction hues are shown thin. Now sup- 
pose that ARB and AVB are beams of red and violet Hght respec- 
tively— in the actual arrangement at {a) these are produced after 
the light has passed through the prism, but we may assume that 
they are formed by rays from two different sources on the left 
of the diagram (6) to simplify the drawing. Since C is the image 
of A it Mows that the ray AR must travel to 0 after refraction 
through L,: similarly BR, a red ray from the bottom of the 
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aperture, travels to D. Thus CD is covered with red light. 
Similarly it is covered with violet light— in fact, with light of all 
the other spectral colours. These superimposed colours produce 
white light. 

Colour Mixture and Complementary Colours.— If a screen 
with a slit parallel to that at S is placed along RV then a pure 
spectral colour will be produced at CD. If a pencil is placed so 
that it intercepts the bluish-green rays, i.e. the pencil is at G, 
then the resulting colour on the screen will be due to all the other 
rays in the spectrum. This colour is red. Similarly if the blue 
rays are intercepted the colour will be orange. The colours on 
the screen are. termed mixed colours. 

The above experiments show that a complex Mght stimulus can- 
not be analysed into its spectral components by the human eye. 
In this respect, the eye is essentially different from the ear which 
is able to analyse a musical note into its components, i.e. to dis- 
tinguish between one compound note and another. Moreover, in 
acoustics, Hk© sensations are produced by like causes— but this is 
not true in connexion with light sensations. For example, an 
aqueous solution of potassium dichromate appears to possess a 
deep orange colour when viewed by transmitted light. As Abnsy 
first showed, if this light is examined spectroscopically it is found 
to consist of several components— in fact, there is produced a spec- 
trum from which the blue and violet rays have been removed 
completely and the green rays in part. On the other hand, it is 
possible to select a small region of the spectrum VR such that 
the colour of the patch on CD is exactly the same as that of the 
light transmitted by the bichromate solution. 

Primary Colours. — ^A bney defines a primary colour as one 
which cannot be formed by the mixture of two or more colours. 
The original investigators in colour phenomena were the artists, 
who found that the pigments on their palette were not capable 
of being mixed to produce red, yellow or blue. They termed 
these the primary colours. When the physicist became interested 
in this subject he discovered that the yellow was not a primary 
colour since it could be obtained as a mixture of red and green. 
On the other hand, green was shown to be a primary colour. 
These facts are easily verified with the apparatus shown in Pig. 
23-11 (a). It is only necessary, for example, to place slits along 
VR so that the red and green rays are transmitted and the colour 
of the patch at CD is yeUow. 

Modern work has- shown that yiolet, and not blue, is a primary 
colour. 

Complementary Colours.— When the sensation of white light 
is produced by two colours, those colours are said to be comple- 
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mentary to each other. The coloor patch apparatus described 
above may be used to obtain the complementary colours. One 
of the colours produced at VB is cut out by mea^ of an^ue 
rod, and the remaining colours combmed by the lens La to form 
an image at CD. The resultant colour is complementary to that 
which has been removed. Since the 

in the correct proportions, produce white hght, it foUows that rf 
one of these is removed, the combination of the other two wiU 
give the corresponding complementary colour. 


TabIiB or Some Complemeotajby Coloxjbs 


1 

Bed 

O 

s 

Yellow 

Green 

Bluish- 

green 

Blue 

Violet 

Colour 
blocked 
out by rod 

Bluish 

green 

Blue 

j indigo 

1 

1 

Purple 

Bed 

Orange 

Greenish 

yellow 

j Besulting 
colour 
mixture 


The colours in the lower line are complementary to the corre- 
sponding colour in the upper line. Theremarks in the last coluim 
indicate how the existence of these colours may be verified with 

the colour patch apparatus. i. • j 

In connexion with complementary colours it must be emphasized 
that the white light arising from the combination of pme 
complementary colours is not physically identical mth sunhght , 
the impression of white, due to the superposition of two compk. 
mentary colours is due to a peculianty of the eye [cf. p. 447], 
and if such light is subjected to analysis by a spectroscope, the 
complete spectral fan is not obtained. The colours then seen 
' are, of course, the two complementary colours. 

Angular Dispersion and Dispersive Power.— We have seen 
that the solar spectrum is crossed by a number of dark lines, parallel 
to the length of the slit. The colours correspon^g to the more 
prominent ones are denoted by the letters A, B, C, D, E, b , br, . 
The first three are in the red, D in the yefiow, E in the green, E 
and G in the blue, a:nd H in the violet region of the spectram. 
The lines C and F are due to hydrogen and may be produced by 
connecting a glass tube containing this gas [or water vapom] at a 
pressure of less than 1 mm. of mercury, to the secondary tei^als of 
L induction coil [cf. p. 844]. If water vapour is used the hydrogen 
lines appear, because the electric discharge breaks up the water 

molecule, _ 

When a parallel beam of white Hght passes through a pnsm, rays 
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of difierent colour are inclined to one anothier, althongli for any 
one colour the rays are all parallel. For any two colours the angles 
between them is termed the angular dispersion of the material of 
the prism for these two colours. The ratio of the dispersion to 
the deviation of the mean ray between them is called the dispersive 
power of the material. 

Let jLtf, and be the refractive indices of a medium for blue and 
red light respectively. In general, if /i is the refractive index and 
d the deviation for a prism whose refracting angle 0 is smaU, then, 
with the notation used on p. 376, we have 

d == (ij — f j) + (tg — fg) ==(/*—!) (r t + Tz) 

for = fiTi and the angles of incidence, etc., are small as ' 

they must be if the prism is in the position of minimum deviation. 
But fi + fg == 0, so that <5 = (/e — 1)0. If is the refractive index 
of the material for sodium light, 

aj = {fi, - 1)6 = - 1)6 . <5b. 

Similarly the expression for dj. may be obtained. Prom these two 
expressions we have 

/Ij) 1 

The ratio is therefore the dispersive power of the medium 

with respect to the blue and red. rays. 

Similarly ^ is the dispersive power of the medium with 

reference to the C [red] and P [blue] lines of the hydrogen spectrum. 

Chromatic Aberration, Achromatism (or the Removal of 
the Primary Spectrum). — Since /Lt depends upon the colour or 
wave-length of the light used in determining it, it follows that the 
behaviour of an optical instrument, which is generally expressed 
by a formula involving will depend on the nature of the .light 
with which it is used. Thus, when a convex lens is used to obtain 
a real image on a screen the image is tinged blue when the screen is 
held in the position B, Pig. 23*12 (a), and red in the position R. 
This is because the blue rays are more deviated than the red. 
This shows that the focal length of a convex lens is less for blue 
rays than it is for red. All the colours in the image thus produced 
are termed a primary spectrum. Similarly, if convergent white 
light falls on a diverging lens such that a real image is produced, 
Pig. 23*12 (6) the red image is nearer to the lens than is the blue, 
i.e. the focal length of a concave lens is also less for blue light than 
for red. This suggests that if a convex and a concave lens are 
combined it may be possible to obtain an image free or nearly free 
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from colour. Such a combination is said to be achrontatic^ Thus 
a convex and a concave lens of the same material, and having 
focal lengths which are numerically equal, would show no disper- 
sion of white light. But such a combination would form a slab 
of glass with concentric faces and would therefore not be a lens. 
To obtain an achromatic lens it is necessary to use convex and 
concave lenses of different materials, e.g. crown and flint glass. 



Fig. 23*12. — Chromatic Abarration of Lenses. 


In an ideal optical instrument the final image would be entirely 
free from colour, i.e. all the coloured images formed by rays of 
different wave-lengths would be equal and in the same position. 
Usually opticians are content if two of the coloured images can be 
superposed. The particular colours to be combined will depend on 
the use for which the lens is designed. The colours still remaining 
in the image formed by an achromatic combination corrected for 
" two colours constitute a secondary spectrum. 

Achromatic Combination of Two Lenses. — The focal 
length of a lens for monochromatic light is determined by the 
equation 


where the symbols have their usual meanings. Hence for blue and 
red rays 


b — I L 

~ 1 /d 




and 


I _ iWy 1 1 

/f pj> 1 /b 


* 1 ^ __ pT I 

fb fr ■*^1 /»* 
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Now as a first approximation we may write /j./, so that 


where m is the dispersive power of the material for blue and red rays. 
For two lenses of focal lengths /' and in contact, the focal 
length, of the combination is given by 


Hence 


JL 

<l^b 


I , I 

'7r-+p-~ 


1 . — 1 1 


fijf’ i 

where /i' and jn'' are the refractive indices of the materials of the two 
lenses, suffixes denoting their values for light of different colours. 
Similarlv 

L=^f±—1 1 - 

<f>r 1 Sd' 


If the combination is to be corrected for chromatic aberration arising 
from these two colours, = <f>b 9 so that 


Jllb' — jU/ I . /^b" “ 1 „ A 

/^b'-.1 7b' 7b" 


or 



Since w' and are both positive it follows that /^j' and /7 must 
be opposite in sign. 


Example . — Lenses to form a converging achromatic combination of 
focal length 20 cm. are to be made from crown and flint glasses having 
dispersive powers 0-23 and 0-37 respectively. Calculate the focal 
lengths of the two lenses required. 

If /i and /a are the focal lengths of the two lenses, we have 

11 1 

~2o=7x‘^7.* 

while the condition for achromatism is 

0-23 0-37 . 

TT 

Hence /j = — and, by substitution in the first equation 

/s 5= 4> 12*2 cm. Hence /i — 

Wo therefore require a crown glass lens of focal length — 7*6 om. 
(convex), and a flint glass lens of focal length 12*2 cm. (concave). 

Example .’ — ^If the refractive indices for sodium light for crown and 
flint glasses are 1*5 and 1*6 respectively and the two faces in contact 
have radii of curvature 15 cm., calculate the radii of curvature of the 
other faces of the lenses, using the data of the previous example. 


424 OPTICS 

if tlio combinatioii is arranged so that the convex lens is nearer to 
the object, then, with the usual notation, 

- 4 = Kr, - b)’ 

Similarly for the concave lens, 



where is the radius of curvature of that surface of the concave lens 
not in contact with the convex lens. 

f j ==: — 14*2 cm. 

Achromatic Prisms.— When white light passes through a prism 
the light is both dispersed and deviated. By combining prisms of 
different glasses“and therefore different dis- 
persive powers it is possible to construct a 
compound prism producing deviation with- 
out much dispersion. Such a combination is 
said to be achromatic. This is accom- 
plished by adjusting their refracting angles 
so that the dispersion due to the first is 
approximately counteracted by the second, 
i.e, the emergent ray is almost free from 
colour. The reason for the small colour 
effect remaining when two prisms have been 
Fig 23*13 —Achromatic <i®signed so that the combination is corrected 
Prism. for the C and F rays, say, is that the 

spectra produced by different prisms are not 
geometrically similar, and thus the other rays are dispersed slightly. 
In actual practice it is better not to combine the extreme red and 
the extreme violet rays since these are relatively faint, but the 
orange-yellow and blue-green, for it is such rays which exhibit the 
greatest difference in colour and which are also the strongest colours 
in the spectrum of white light. 

If ABC and LMbT, Fig. 23*13, are prisms of crown and flint glass 
respective^, with small refracting angles 6 and jx and v the 
refractive indices, <5 and A the deviations of any ray, and if 
suffixes refer to colours, the angular dispersion of the first prism is 
<5j — (5J = — [if)Q 

while that of the second is 

If the combination is to be acbromatic for red and blue rays then 
di,-dr^Af,-Ar, 

i.e. (/ift — 

This equation enables us to calculate the angle of the second 
prism when the first is known. 
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JSmmpie,— For Jena crown and flint glass with reference to the 
C and F lines /to == 1*514, 1*523 and vc= 1*645, Vjp— 1*664 respect- 

ively. Calculate the angle of the flint glass prism to be combined 
with a crown glass prism of 20® so that the combination shall be 
achromatic for the C and F rays. 

From the above formula we have 

(1*523 — 1*514) (circular measure of 20°) 

= (1*664 ~ 1*645) (circular measure of ^). 

Whence ^ « 9*5°, an approximate value since 20° is not a small angle. 

Direct Vision Spectroscope. — ^We have just seen how two 
prisms may be combined to produce Seviation and practically no 
dispersion. Prisms may also be combined so that there is disper- 
sion and no deviation of the mean [sodium] ray. Generally an odd 
number of prisms of crown glass are arranged alternately with an 


Fig, 23*14. — ^Direot Vision Spectroscope. 



even number of prisms of flint glass. These are mounted in a tube 
about 10 cm, long. A slit S, Fig. 23*14, is directed towards the 
light under examination and the convex lens L serves to render the 
light falling on the front surface of the compound prism parallel. 
The eye observes the spectrum through an aperture in the other 
end of the tube. 


Example . — Three crown glass prisms each having a refracting angle 
of 40° are to be combined with two flint glass prisms each having a 
refracting angle If the refractive indices for sodium light for these 
two glasses are 1*517 and 1*650 respectively, calculate </>, 

Since for sodium light the deviation due to the three crown glass 
prisms is the same as that produced by the two flint glass prisms, 
we have 

3K/.X) - 1)0] - ~ 1)^] == 0 


. 3 0*517 

^ 2 • 0*650 



48°. 


This result is only approximate, since the angles are larger than those 
contemplated in the theory involved. 


Colour due to Absorption. — ^Absorption plays a very import- 
ant part in determining the colour of natural bodies. We have 
already seen that when white light passes through a body the 
emergent light is coloured. This is due to the fact that in its 
passage through the body some of the constituents of the white 
light have been absorbed, so that the colour of a body as observed 
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by transmitted light is really a composite effect due to all those 
colours not absorbed by the body. 

The colour of an object seen by reflected light is determined 
by the nature of the light scattered from it and received by the 
eye. It is foeliWed that the molecules are the entities responsible 
for this scattered light. Now it is not only the molecules at the 
surface which take part in this scattering action but also some 
which are inside the body. If absorption occurs within the body 
the light scattered by these wiU be robbed of some of its constituents 
so that the tint of the body il again a resultant effect. It is interest- 
ing to note that many substances which are coloured when they 
exist in large pieces appear white after they have been crushed to 
a very fine powder. This is because even when the substance has 
been reduced to powder form the crystalline character of the 
substance is still retained so that millions of tiny facets are present 
which reflect the light and do not permit an appreciable amount 
of light to penetrate into the interior. Thus crushed ice appears 
white, although ice ir^bulk is transparent owing to its exceetogly 
small reflecting power. Similarly red and blue glasses, crystals of 
copper sulphate, etc., all tend to become whit© when powdered. 
Again, beer and other beverages have a definite colour when seen 
in bulk and yet the froth on them is white. This is because the 
thin liquid film forming each bubble of the froth reflects most of 
the incident light and so it appears white. If such a froth is 
examined in a red or a yeUow light it assumes the colour of the light 
by which it is examined. 

The examination of the colours of bodies when they are illuminated 
by monocbromatic light is very instructive. Thus a piece of white 
paper appears red when placed in a red light, green in a green 
light, etc. This is because the paper reflects light of all colours. 
On the other hand, a red flower only appears red when viewed in 
white or in red light. If such a flower is examined by blue light 
it appears black since it can only reflect red light. 

When a sodium flame, a source of monochromatic light (yeUow), 
is viewed through an ammoniacal solution of cuprous chloride 
placed between the eye of an observer and the sodium flame this 
latter cannot be seen, for the yellow light of the flame is strongly 
absorbed by the blue solution, although white objects having a 
blue tint may be discerned. We might therefore expect that when 
yellow and blue pigments are mixed the colour of the mixture 
would be black : actually it is green. This is because the colours 
of the pigments are not pur© but only appear to have a definite 
colour corresponding to that which they most copiously reflect. 
Thus the blue pigment absorbs red, orange, and the yellow rays, 
whilst the ydlow absorbs the blue and violet. The only colour 


SPECTRA 427 

not absorbed by either pigment is green, so that this is the colonr 
of the mixture when examined in white light. 

The Mercury Vapour Lamp. — ^Another convenient source of 
monochromatic light for use in experiments similar to the above 
is the mercury vapour lamp. A simple form due to Wabak is 
shown in Fig. 23*15. The apparatus is made of Pyrex glass and 
has two tungsten electrodes sealed in at E and F. These are 
surrounded by crucibles containing mercury so that they may 
be connected through an adjustable resistance [about 80 ohms] 
to a 110- volt D.C. supply. The portions A, B, and C are filled 
with mercury and the lamp connected at H to a water pump. 
When the pressure in the apparatus 
is sufficiently low the mercury in B 
begins to descend and finally breaks 
at K. The energy of the spark 
produced at K when the current is 
thus broken volatilizes some of the 
mercury and the vapour formed 
carries the current, the lamp emit- 
ting a strong green light. The light 
is not monochromatic for, in addition 
to the green, it contains yellow, blue 
and violet rays. These may be re- 
moved by passing the light through 
an aqueous solution of malachite 
green containing potassium bichro- 
mate. The amounts of these sub- 
stances must be adjusted by trial. 

[For details concerning A, cf . p. 93.] 

In addition to the above-men- 
tioned visible rays, the lamp is 
also a source of ultra-violet rays. These rays are freely trans- 
mitted if the walls of the vessel are of silica. Such lamps must 
not be observed directly on account of the painful sensation at 
the back of the eyes experienced some time after the retina has 
had ultra-violet light incident upon it. Smoked glasses should be 
worn, for safety, with aU experimental mercury lamps— the glass 
alone is sufficient to absorb the harmful rays, but the glass is made 
dark to reduce the intensity of the visible rays. 

Modern industrial forms of mercury vapour lamps are shown in 
Fig. 23*16 (a) and (b). In each the cathode is a pool of mercury, 
C, and the anode an iron ring, A. When the tube is straight and 
in a horizontal position, the mercury connects A and C. When 
the tuba is connected to D.C. mains th^^ an adjustable resist- 
anoe, R, a current flows through the mercmy when the switch 



Fig, 23*15. — Mercury Vapour 
Lamp. 
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D.C.suppti^ 


is closed. On raising the end A of the tube, the mercury is broken 
at a point in the tube. The small arc formed at the point of 
rupture volatilizes some of the mercury and a discharge is main- 

tained in the tube. ^ , 

In type (6), the initial discharge is obtained by appl3nng a mgn 

potential difEerenoe to the 
tube; this is then automatic- 
ally cut out and the D.O. 
supply connected before the 
discharge has ceased. The 
lamp continues to work. 

These lamps may also be 
designed to work from A.G. 
TY^fl.iTia — electrical devices are 
used to maintain the arc 
during a certain portion of 
each cycle when the P.D. is 
zero or insufficient to operate 
the tube. 

If the light from a mercury 
vapour lamp falls on a person 
having a ruddy countenance a 

very ghastly effect is produced, 

for the red portions appear 
black while the white portions 
appear green. 

Radiations beyond the 
Visible Region of the Spec- 
trum, — According to the 
Wave Theory of Light all light 
sensations are a manifestation 
of different vibrations in the setber. Eanh different ^bration 
is characterized by a definite wave-length and by methods we 
shall describe later it is known that the red waves are 
than the violet ones, and that the intermediate colours m the 
spectrum are associated with wave-lengths mtermediate^betw^n 
those of red and blue. We have already seen [cf. p. 3(»] that 
beyond the red end of the spectrum there axe radiations 
characterized by their heating effects. These 
infra-red rays. In 1800, Sir W. Heesohel estabhshed the exist- 
ence of rays in the solar spectrum which are definitely “ less re- 
frangible than any of those that affect the sight.” They c(^d 
heat, but not illuminate bodies, and this explained why they ha 
previously escaped notice. In these experiments he used the 
blackened bulb of a thermometer to detect the heat rays : absorp- 



Fig- 23-16.'-~Mercuiy Vapour Lamps 
Modern Industrial Forms. 
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tioB of these rays caused the temperature of the bulb to rise. 
Finally he investigated the heating effect in the different parts of 
the visible spectrum and found that it was a minimum at the 
violet end, the intensity gradually increasing towards the red and 
reaching a maximum in the region beyond the red. 

Leslie challenged the accuracy of HerscheFs experiments and 
denied completely the existence of these invisible heat rays. He 
said that if HerscheFs results were correct, then, as a consequence, 
the heat focus of a burning lens would be different from its light 
focus, which, Leslie maintained, was contrary to experience. We 
now know that Leslie was wrong. 

In 1802 Yotog said, “ at present it seems highly probable that 
light differs from heat only in the frequency of its undulations or 
vibrations ; those which come within certain limits, with respect 
to frequency, being capable of affecting the optic nerve, con- 
stitute light ; and those which are lower, and probably stronger, 
constitute heat only.’’ Later he described HerscheFs discovery of 
the less refrangible heat rays as one of the greatest since the time 
of Newton. 

BIieabd confirmed, in general, the work of Herschel, but his 
experiments showed the maximum heating effect to be in the 
region of the extreme red rays, whereas HerscheFs maximum was 
in the infra red region. 

Seebeok showed that the position of the maximum was affected 
by the nature of the material of the prism. Some of his results 
are shown in the following table 


Position of Maximum. 

Kind of Prism. 

Yellow . . . ... . 

Water 

Orange . . . . . . 

Clear solution of sal ammoniac or 
of corrosive sublimate sulphuric 
acid (concentrated). 

Bed . . 

Crown glass 

On the limit of the red . 

Prism containing lead and coloured 
yellow 

Beyond the red . , . 

Fimt glass 


These experiments explained why the earlier workers had ob- 
tained conflicting results. 

In 1840 Sir J. Heesohel announced his discovery of a method 
whereby the heat rays of the solar spectrum could be made to 
leave a visible trace. The solar spectrum was projected on an 
extremely thin piece of paper, blackened evenly with soot on the 
back smface and moistened with alcohol on the front dr exposed 
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surface. Unequal heating produced unequal evaporation and 
where the paper dried it became light in colour. Evaporation 
only occurred over certain regions — ^at others, the paper was still 
moist ; hence this portion of the spectrum was not continuous 
but contained absorption bands. With better apparatus these 
bands have been shown to consist of many lines, i.e. Fraunhofer 
lines have been shown to exist in the inJ&a-red region of the solar 
spectrum. 

Since 1882 this region has been very carefully explored and the 
wave-lengths of the lines in it measured. It is important to note 
that glass is not transparent to the heat rays of longer wave- 
length so that prisms of rock salt have to be used. Even these 
absorb the still longer rays so that diffraction gratings [of. p. 491] 



Fig. 23*17 — ^Apparatus for Exploring the Infra-red Begion of the Spectrum. 

ruled on speculum metal have to be employed. Modern work has 
shown that a study of absorption bands in the extreme infra-red 
region is most important, for it gives us a clue to the structure of 
the molecule of the absorbing material. 

A typical apparatus for exploring the infra-red region is shown 
in Pig. 23*17. Light from a source, 0, is focused on a slit, Si, 
by means of a concave mirror, Mi. Si is in the focal plan© of a 
concave mirror, Mj, so that the light is reflected from this mirror 
as a parallel beam, which falls on a prism, ABC, made of rock 
salt— or a grating may be used if rock salt absorbs heat rays. 
The refracted beams fall on a concave mirror, Ms, in the focal plane 
of which lies the blackened surface of a thermopile, T, connected 
to a sensitive galvanometer, G. When the mirror M 3 is rotated 
about a vertical axis, various “ lines in the spectrum fall on 
T and the galvanometer is deflected. The greater the deflexion, 
the greater the intensity of the line. 
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[In work of tMs kind, the thermal capacity of the thermopile 
must be small so that the rise in temperature of the junctions 
shall be large ; moreover, the actual junctions must lie on a 
straight line so that only one line in the spectrum shall fall on 
them at a time — cf. p. 300.] 

Beyond the violet end of the spectrtim there are the ultm-^violet 
rays which may be detected by allowing the spectrum of the light 
from an arc lamp to fall on a barium platino-cyanide screen, which 
then glows with a green light where the ultra-violet rays strike 
it. Since glass absorbs the shorter ultra-violet rays the effect is 
increased by using a qtiartz prism. These rays have wave-lengths 
decreasing in magnitude as the rays become further removed from 
the visible spectrum. Most frequenfly these rays are detected 
photographically, for they possess the property of darkening a 
photographic plate when one is exposed to the rays and then 
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Fio. 23*18. — Detection of Ultra-Violet Light beyond the Violet end of the 
Visible Spectrum. 

developed. Ultra-violet rays may also be detected by the photo- 
electric effect they produce [cf. pp. 433 and 880]. 

The existence of ultra-violet light in the spectrum of the light 
from an arc lamp, for example, may be demonstrated very strik- 
ingly as follows. Suppose that RV, Fig. 2348, is the visible spec- 
trum produced in the usual way. Let Z be a screen having a slit 
at W. Let AiBiCi be another prism placed as shown, and P a 
barium platino-cyanide screen. A patch jf light appears on F 
when all the component parts of the appa^us have been properly 
adjusted. This shows the existence of radiations beyond V and 
that they are refracted further when incident upon another prism. 
If quartz prisms and lenses are used the existence of radiations 
still further out from V may be shown. 

A Comparison of the Spectra of a Red-hot Iron Ball and of 
an Iron Arc. ---"The spectrum of the heated baU may be obtained 
by placing it in the position 0, Fig. 234, p. 410. It will be 
found that the red epd of the spectrum is the most intense. To 
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detect any radiations in the mfra-red region the spectrum is 
allowed to fall on the surface of a thermopile connected to a sensitive 
galvanometer. It is advisable to place a slit immediately in front 
of the thermopile so that only a narrow region of the spectrum is 
investigated at once. As diSerent parts of the spectrum are 
examined in turn it will be noticed that the deflexion of the galvano- 
meter first becomes appreciable in the yellow region, increases to 
a maximum as one passes through the red to the infra-red region, 
and then decreases. On replacing the thermopile by a barium 
platino-c^^anide screen no ultra-violet rays will be detected. 

If the above experiment is repeated using an iron arc (i.e. iron 
instead of carbon electrodes) the yellow and green regions are most 
intense when examined visually. A thermopile shows that the inten- 
sity of the infra-red rays has increased and that the maximum heat- 
ing effect is nearer to the blue end of the spectrum. At the other 
end a fluorescent screen shows that the spectrum is very rich in 
ultra-violet light— in fact, it is advisable never to look directly at 
this arc, for the action of these rays is most harmful, and although 
no immediate effect is noticed, a person who has been affected in 
this way often experiences a terrible pain at the back of the eyes 
about 2 a.m., i.e. when the vitality of the body is lowest. Although 
ultra-violet rays always produce this effect, many now believe that 
it is due in part to the infra-red rays as well. 

An important difference between the two spectra now under 
discussion is that the spectrum formed by the light from the red- 
hot ball is continuous, whereas the light from the iron arc gives , 
rise to a spectrum consisting of many bright lines on a faint con- 
tinuous background. 

Experiment , — Project an arc -light spectrum in a darkened room on 
a sheet of photograpMo printing-out paper [P.O.P.]. After a short 
time the paper becomes darkened, but not uniformly. The maximum 
blackening occurs in the extreme violet or ultra-violet, while the red 
and yellow rays produce practically no effect. Hence if the light is 
passed through a piece of red glass before it reaches the P.O.P., no 
darkening occurs. Thus photographic plates and papers may be 
manipulated with safety in a red fight, unless the plates happen to 
be panchromatic ones [cl* p. 473], when complete darlmess is necessary. 

TyndalFs Experiment. — ^Since infra-red rays are refracted 
when they pass from one medium to another [except at normal 
incidence], they should be capable of being focused by a lens. Sun- 
light was passed through a solution of iodine in carbon bisulphide, 
which is opaque to visible radiations but transmits infra-red rays 
freely. The emergent light was focused by means of a rock-salt 
lens on a piece of blackened platinum foil. This soon became 
red hot. , 


SPECTRA 


433 


The Photoelectric E:ffect.— Hallwaohs discovered that when 
a clean piece of zinc was insulated and charged negatively, it 
lost its charge when illuminated with ultra-violet light, but that 
the charge was retained if it were positive. It is now assumed that 
the particles of negative electricity — ^the electrons— are released by 
the ultra-violet light and that these are repelled from the negatively 
charged zinc [ef. p. 880]. 

Phosphorescence and Fluorescence. — ^Whenever radiation 
falls on a body and the sum of the transmitted and reflected energy 
is not equal to the energy in the incident radiation, it follows that 
the diflerence must have been converted into some other form of 
energy; generally the body is heated. Sometimes, however, the 
rise in temperature is small and yet the body emits visible radiation 
differing in wave-lengtb from that of the incident light. This 
peculiar emission may cease immediately the exciting agent is 
removed— the body is said to fluoresce and the phenomenon is 
spoken of as that of fluorescence. If the emission continues for 
some time, however, we have the phenomenon of phosphorescence. 
Probably there is no sharp line of demarcation between these two 
phenomena. 

Calcium sulphide [Balmain's luminous paint] and native zinc 
sulphide, after exposure to sunlight or the light from an arc lamp, 
are found to glow with a bluish or greenish light respectively when 
removed to a darkened room, i.e. they phosphoresce. If, however, 
the paint is gently warmed over a bunsen flame the rate of emission 
of the phosphorescent light is greatly increased for a short time 
and then ceases. When the paint is subjected to sunlight once 
more, phosphorescent light is again emitted. Similarly oalcite 
[native CaCOa] phosphoresces with a strong red light when exposed 
to an intense beam of cathode rays. 

As an example of fluorescence we may cite that of an aqueous 
solution of quinine sulphate, which Bbewsteb found to emit a 
vivid blue light in all directions when exposed to sunlight. Or 
again, if, in a darkened room, a beam of light is passed through 
water containing a few drops of an alcoholic solution of fuschine, 
a green fluorescent light indicates the path of the beam. 

Stokes' Law.^ — Let us suppose that the phosphorescence of 
some Balmain's paint has been destroyed by a gentle application 
of heat and that the paint is then spread in a darkened room on 
a strip of paper. To excite the paint again, let the spectrum of 
an arc lamp be cast upon it for several minutes. On removing the 
arc lamp it will be found that the maximum phosphorescence occurs 
where the paint has received the violet and ultra-violet rays, and 
that the red rays have produced no effect. This experiment proves 
that it is the most refrangible rays, i.e. the rays of short wave- 
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Wths which are responsible for the excitation of phosphorescence. 

an arc lamp are concentrated on a piece of canary glass [one which 

Si? S a vivid green light although the exciting rays are 

^ShSho??periment becomes more striMng if the blue gass is 
re5Led\y apieieof “Ultra-Violet ’’glass [manufactured by Messrs. 
Ohanee of Binningham].’ This is a special glass absorbing px^ti- 
STie tie -riBibl. reye tat betog very tr^axent to 

dS-riolot radiations. These excite the ““"J 8*“‘ ^ 

Similarlv if egg-shells cooled to a temperature below -- 100 O 
bv ^ans 5a mSure of solid carbon dioxide and ether, or by hquid 
anrTiiacedSJ a beam of ultra-violet Ught, they fluoresce 

■When& few drops of an aloohoUc solution of eosm are added to 
water placed in the path of the light from an arc lamp the 
Ught indicates the path of the beam more of 
added the fluorescence becomes most vivid on the side 
ravs enter the solution. This is because the excitmg taxation 
rtbe violet rays] is graduaUy absorbed within a short distance 

S none remlii to produce further fluorescence. A spectrosooinc 

examination of the transmitted Ught shows that the violet hg 
5iginaUy present in the Ught from the arc is missing. _ _ 

In aU iiStances the fluorescent light is less refrangible than the 
exciting Ught. In recent years apparent exceptions to this rule 
reported, but they have been proved to be notgenume. 
Methods of Detecting Fluorescence and Phosphore^ence. 

(a) Stokes’ method for detecting fluorescence. When the 
' ■ jg^uorescence IS feeble it may be 

masked hj the effect of tbe 
exciting beam. To avoid this, 
Stokes made use of the facts 
stated in tbe law wMcb bears his 
name. The substance under 
examination was placed at G, 
Fig. 23d9, in a box whose interior 
had been blackened. A and B 
are two apertures in the bok. B 

J! 



Fig. 23-19,— Stokes’ Method for 
Detectmg Fluorescence. 


------- 

was covered with two sheets of glass, one green and the other dark 
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blue so that if a source of white light was placed just outside B ail 
the orange-yellow and red rays were intercepted. On the other 
hand, A was covered with a piece of yellow glass which completely 
absorbed any blue- violet rays. If the substance under examina- 
tion did not fluoresce it appeared dark when viewed through A, 
since the yellow screen did not transmit the incident radiation. 
If, however, fluorescence was excited, the body at C emitted green 
light and since this was transmitted by the yellow screen, the 
object was rendered visible. 

(5) BecquereVs Phosphoroscope. To overcome the difficulty 
that the light from a fluorescent body vanishes in a small 
fraction of a second after the exciting light has been removed, 
Becquebbl devised the phosphoroscope shown in Eig. 23*20. The 
body to be tested is placed in a box at A and viewed by an observer 
at C, the light entering the chamber through an aperture at B. 
B and E are two circular metal 
discs capable of rotating rapidly 
round a common axis XX. Each 
disc is pierced by an equal num- 
ber of regularly spaced peripheral 
holes, which are so disposed that 
a hole in D passes A completely 
before the corresponding hole in 
E comes directly between A and 
C. Thus A is iUmninated by an 
intermittent beam of light and 
since when it is viewed through 
0 it is receiving no light from 
the source it will only be seen if it 
phosphoresces. Since the angular 
distance between a hole in B 
and a corresponding one in E and 

the number of revolutions per ~ 

second of the discs are known, the duration of the phosphorescent 
light is determinable. Becquerel discovered substances which 
phosphoresced for a few thousandths of a second, and that the light 
from fluorescent liquids remained for such a short period after the 
exciting 4gent had been removed that he could not measure the 
duration, however quickly the discs revolved. 

Rainbows.’ — These are produced when sunlight falls on rain or 
the spray from a waterfall, although to be seen the observer must 
stand with his back to the sun. As a rule, two rainbows may be 
seen : they are known as the primary and secondary rambow 
respectively. The primary is the brighter, and is produced by rays 
of light which have suffered one internal reflexion in the raindrops. 



Fio. 23-20. — ^Becquerel’s Phosphoro- 
• scope. 
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The secondary rainbow is formed by rays which have mdergone 
two internal reflexions. To account for 

bow let us calculate the deviation, (p, when a ray SA, Fig. 23 21, is 
incident on a sphere the material of which has a refractive index 

at B, If 0 is the centre of the sphere 

M - 2ij)0 = Jr - 2[jr - (i - r) - (?r - »•)] = ^ + - 4r 



The above diagram has been constructed on the assumption that 
the light is monochromatic. If it is not, dispersion will take place 
when the ray enters the drop so that coloured rays emerge. 

Fig. 23-22 shows the relation between the angle of incidence and 
the angle of deviation for red rays. It shows that for an angle 
of incidence of about eO” the deviation is a mi^uim and it 

is only when the rays 
traverse the drop in such 
a way that the deviation 
is a minimnm that they 
are sufi&ciently concen- 
trated in one d^ection to 
he seen. 

Fig 23*23 shows an 
observer OP with Hs 
back to the sun facing the 
raindrops Ai, ^ ^ 

through 0 a cone having 
a semi-vertical angle of 
43° and its axis OX parallel to the sun’s rays is considered., all the red 
rays emerging from drops lying on the surface of this cone wnl 
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travel towards 0 along the generators of this cone. Since all 
such rays will have suffered nainimtim deviation they will easily be 
seen. Now the refractive index of water for violet light is greater 
than that for red, so that the angle of minimum deviation is greater 
for violet rays than for red. Hence the semi- vertical angle of the 
corresponding cone will be less than for the red rays. The primary 
bow therefore consists of a prismatic arc coloured red on its outside. 

A similar argument shows that the secondary bow is coloured 
violet on its outer margin. 


EXAMPLES XXin 

1. — ^Explain how a prism and two convex lenses may be arranged 
to produce a pure spectrum. Show also, how it is possible to arrange 
two or more prisms to produce (a) dispersion without deviation of the 
mean ray, (d) deviation without dispersion. 

2. — ^Describe the optical system of a spectrometer and state how you 
would use it to jSnd the refractive index of water. Prove the more 
important formulae you would use. 

3. — ^Define chromatic dispersion and explain how it is possible to 
obtain achromatic prisms and lenses, 

4. — -Writ© an essay on colour. . 

6. — ^Describe experiments to show that the spectrum of an iron arc 
extends beyond the limits of the visible region. Discuss how the 
results would be modified if a red-hot iron ball were used as a source 
of radiation. 

6. — Two glasses have dispersive powers in the ratio 3 : 2, These 
glasses are to be used in the manufacture of an achromatic objective 
of focal length 20 cm. What are the focal lengths of the lenses ? 

7. — An achromatic telescope objective of 100 cm, focal length is to 
be formed with two lenses made of the glasses specified below. Find 
the focal length of each of these lenses, stating whether it is divergent 
or convergent. 

fjL red. blue. 

Glass A . . . . . . 1-5165 1-5246 

Glass B . . , . . . 1-641 1-669 

(N.H.S.C. ’29.) 


CHAPTER XXIV 
PHYSIOLOGICAL OPTICS 


The General Structure of the Human Eye.— Vision is the sense 
by which we are enabled to form a mental picture of external 
objects. It is now believed that light consists of waves, which are 
the stimnlns whereby the retina is excited. The sensations produced 
upon the retina enable persons and animals to judge colour, estimate 
distances and, in general, to form some idea of the external world. 

In Fig. 24*1 there is reproduced a sketch of the human eye. Con* 
sidered in a very general manner the eye consists of an almost 



Fig. 24*1. — Section through the Human Eye. 


spherical chamber which is provided with an aperture through which 
the light vibrations pass. This transparent anterior, C, is called 
the cornea, whjgreas the posterior portion, which is opaque, is 
called the sclerotic, ^. The cornea C is really a protuberance 
on the eye, so that its radius of curvature is less than that of any 
other part of the eye chamber. Immediately in front of the 
sclerotic, or outer covering of the eye, is choroid, K ; this 
tissue has a liberal ^jsupply of black pigment cells on its internal 
surface, and these cells absorb any superfluous light which may 
enter the eye. The interior surface of the posterior portion of the 
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eye is the retina ov arachnoid, B> [so named on account of its 
structural resemblance to a spider^s web]. 

Near to the point where the sclerotic merges into the cornea is 
situated the contractile membranous diaphragm called the 
iris, I. This is generally coloured, a fact which is used by credulous 
people in their efforts to gain an insight into the futui'e. 

The aperture in the iris is called the pupil, and this is not situated 
at the geometrical centre of the iris, but is slightly displaced towards 
the nasal side of the eye. 

Immediately behind the iris is the crystalline lens, L, which is 
supported from the walls of the eye by means of an annular dia- 
phragm, called the suspensory ligament, S. It is formed of a 
non-contracting tissue. In close proximity to this ligament is 
the ciliary muscle, M ; its action is governed by the ciliary nerves. 
Physiologists have been able to show by experiment that this 
muscle actually pulls at the point where the sclerotic is attached 
to the cornea. 

The portion of the eyeball between the lens and retina is filled 
with a transparent gelatinous substance, known as the vitreous 
humour, V. It consists very largely of water, containing traces of 
proteids, organic and inorganic salts. The hyaloid membrane H 
encloses the vitreous humour. In front of the lens is the aqueous 
huniour, A, a watery liquid containing a minute trace of sodium 
chloride. 

The Cornea. — The protuberance on the eyeball whieh is exposed 
to view when the eyelids are opened is the cornea, and it was 
originally believed to be spherical.. It is now known that its shape 
is much more complicated ; it is more flattened above than below, 
and more flattened on the nasal side than on the temporal side. 
Such facts have been ascertained by means of an instrument which 
is called the ophthalmometer. ' 

The Crystalline Lens. — The eye lens is not symmetrical about 
a plane which passes through its periphery ; the part which faces 
the retina has a smaller radius of curvature than the anterior 
portion. In addition the lens is not homogeneous ; it consists of 
many layers which become more dense, i.e. the refractive index 
increases, as they approach the inner regions of the lens. Such an 
arrangement as this tends to improve the sharpness of the image. 

The Retina.— This transparent membrane, which is excited by 
the light stimulus, forms five-sixths of the posterior inner surface 
of the eye. The part of the retina which is in contact with the 
vitreous humour consists of a thin layer of connective tissue ; the 
more remote side of the retina is also composed of a layer of this 
tissue and the two layers are Joined together by more tissue. The 
Optic nerve, O, conveys the messages excited by the light 
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ipoapacts upon the retina to the brain, passes through the retina at 
a point situated on the nasal side of the eye. From this point 
the nerve spreads itself out along the retina, and some nerves fill 
the intervening spaces in the central portion of the retina. These 
features are characteristic of the complete retina with the exception 
of the part which is pierced by the optic nerve—this is called the 
blind-spot, shout which more must be said subsequently. The inner 

layer of the retina is rich in nerves 
and, at certain points, these ema- 
nate from large cells called the 
ganglionic corpuscles [see Fig. 
24*2]. Attached to the transverse 
bundles of connective tissue, which 
cross the retina, comes the re- 
markable layer, of rods and cones 
—the bacillary layer or Jacobis 
membrane. This membrane, in 
which the rods are more numerous 
than the cones, is followed by a 
layer of pigment, beyond which 
the limiting layer of the choroid 
is encountered. 

The rods have a twofold struc- 
ture — ^the inner and outer limbs 
respectively. The inner limb is 
easily stained by reagents such as 
carmine ; the outer limb is formed 
of a highly refracting medium 
which is not readily stained. It 
has a pinkish colour and is very 
sensitive to light radiation ; its 
volume increases under the influ- 
ence of light but it resumes its 
original volume when the source of radiation is removed. The 
pink colouring matter is kuoym us the visual purple or 
erythropsin because the pigment is soluble in certain reagents 
producing a purple solution, which is readily bleached in daylight. 

The cones, also, have a double formation ; the inner limb 
resembles the inner limb of a rod, but the outer limb is conical in 
shape, and contains no visual purple. 

The Visual Purple.— The visual purple, or erythropsin, is 
destroyed by acids, alcohol, chloroform or caustic soda. It has 
already been stated that the visual purple is bleached by light, 
but this action can be retarded by the addition of a 4 per cent, 
solution of alum. Using this fact KuHisrE succeeded in obtaining 



Fia. 24*2.— Diagi'am of tlie cell 
layers in the retina (highly mag- 
nified). 

A, Pigment cells. B. Cones. C. Eods. D, 
P. Felt- work of dendrons. E. Axon of 
one of the cells which lie between the rods 
and cones and G, the ganglion cells. H. 
Axons passing from ganglion cells to optic 
nerve. (After StShx.) 
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a pliotograpbio image upon the retina of a rabbit’s eye. The pupil 
of the eye having been enlarged by dosing the animal with atropine, 
it was placed in front of a window for a few minutes and then 
destroyed. The retina was then obtained and washed in the above 
alum solution. A clear image of the window was visible even after 
the lapse of sevei^al days. 

When the visual purple was discovered [and it is found in the rods 
of the eyes of many animals] it was thought that it was the ultimate 
means of detecting light. It is now known, however, that snakes 
and some birds only have cones, so that the ultimate organ of sight 
is still a mystery. 

The Blind Spot.— Owing to the fact that the retina has been 
pierced by the optic nerve at one spot it is not surprising to find that 
this region is insensitive to a light stimnlus. Close the left eye, gaze 
intently at the small cross in Pig. 24*3 and, commencing with the 


Fig. 24»3. 


book about 40 cm. away, gradually move it towards the eye. 
Suddenly the small black ^sc cannot be seen — ^its image falls on the 
blind spot, so that its existence is not discerned. The positions of 
the spot and cross must be reversed if the right eye is closed. 

The Formation of Retinal Images . — ^If an object AB, Fig. 24*4, 
is placed at a distance in 
front of the eye, a real in- 

verted image A'B' is formed \// * 

upon the retina. 

Experiment, — To prove ^ v 

that images on the retina ' 

are inverted , — -A pin-hole is 

made in a piece of postcard ^ 

and held 3 cm. in front of the Fig. 24*4.— Formation of an Image b;^: 

eye and towards a white back- tbe Eye. 

ground. Since the first focal 

point of the eye is 3 cm. in front of it, the rays entering the eye axe 
paralieL If an object is placed between the hole and the eye an erect 
shadow is thrown on the retina. But when a pin, with its head upper- 
most, is held in this position, it appears to be inverted. Also, when 
it is moved across the field — it appears to move in the reverse dhection. 
It is therefore clear that in interpreting our sensations an inverted 
image on the retina is regarded as if it were upright. 

The Excitation of the Retina. — ^The interpretation of a light 
stimulus by the retina depends to a very large extent upon the 
intensity of the light as well as upon its duration. A lightning 
flash is easily seen although its duration is small ; on the other hand, 


-Formation, of an 
tbe Eye. 




Image 
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the dark green lamp which is used in the development of pan- 
chromatic plates cannot he seen on first entering the dark room, 
yet it and the objects in its immediate neighbourhood become very 
distinct after a few minutes, and the light appears so intense that 

one wonders that the plates are 
not fogged. 

An experiment, which follows, 
also proves that the sensation is 
not immediately interpreted by the 
brain, and that the interpretation 
persists after the removal of the 
exciting stimulus. Helmholtz’s 
wheel. Fig. 24*6, is made to rotate 
about its centre. When the wheel 
is rotating very slowly, the black 
and white sectors are distinct ; 
when the speed increases the 
transverse edges tend to become 
blurred. This phenomenon proves that the interpretation of the 
sensation is delayed. A still more rapid rotation of the disc and the 
interpretation has not sufficient time to wane to zero before it is 
stimulated again — ^the disc becomes grey all over but the colour is 
not uniformly grey. When the wheel rotates yet more rapidly the 
light stimuli follow so swiftly that the disc appears uniformly grey. 

Accommodation. — The great difference between the eye, as an 
optical system, and a bi-convex lens lies in the fact that in the eye 
the distance between the lens and retina [the seat of the image] is 
invariable— in an experimental arrangement this is not so. An eye 
which, when at rest, i.e. without strain, can clearly discern a remote 
object, is termed cm- 



Fig. 24-6. — ^Helmholtz's Wheel. 



metropic ; if it cannot 
see the distant object 
clearly the eye is said to 
be ametropic. In order 
that a person who has 
emmetropic eyes may see 
near objects clearly, he 
must be able to produce 
a distinct image of them 
on the retina. This entails a diminution in the focal length of the 
lens and this is brought about by an increase in the curvature of 
its faces [of. Fig. 24-6]. The ciliary muscle is the motive power 
which causes these changes in curvature to take place. This in- 
crease in the refractive power of the crystalline lens is referred 
to m accommodation. Very early writers on this subject ^ b^^ 


Fig. 24*6.— Section through Anterior Fart 
• of Eye. 
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lieved that an eye was able to accommodate the images of near 
and of distant objects by shifting the retina. 

The degree of accommodation varies with the age of the individual ; 
it becomes less with advancing years and is attributed to a gradual 
hardening of the eye lens. For aU persons there exists a point in 
front of which it is not possible for an object to be seen clearly — this 
is called the neur-point ; the position beyond which a distant 
object cannot be seen is termed the far-pointi For normal eyes 
the far-point is at infinity, whilst the near-point is about 20 cm. 
away (for infants it is much less). 

Experiment, — To locate the near -point, — lens of about 10 cm. 
focal length is held very near to the eye and a small object is moved 
until its image is clearest (as in the correct use of a magnifying gl^s, 
p. 451). From the known relative positions of the lens and object, 
and the known focal length, the position of the image is calculated. 
This is the distance of the near-point from the eye. 

Some Defects of Vision. — An eye which is capable of producing 
a clear image of a distant object, so that it is seen clearly on the 
retina, is said to be emme- 
tropic ; if it is not capable 
of doing this the eye is 
ametropic. The two most 
important forms of ame- 
tropio eyes are those in 
which the axial length, i.e. 
the distance from the cornea 
to the retina, is either ex- 
cessive or defective. The 
state of the eye in which 
the axis is increased beyond 
its normal length is referred 
to by the terms myopia or 
hypometropia ; the condi- 
tion in which the axis is 
less than its normal value 
is called hypermetropiai 

In myopia (or short- 
sight) the image of a distant 
object is formed at a dis- 
tance in front of the retina ; 
in hypermetropia (or long- 
sight) the focus for par- 
allel light is beyond the retina. In both these defects the 
image on the retina is diffuse— every point in the object has a 
corresponding circle of illumination on the retina— this is called 
the circle of diffusion, itB being shown in Fig. 24-7 



Fig, 24-7. 

1. Sbort-slght or myopia, parallel light brought to a 

focus in front of retina. 

2. Rays from near object brought to focus on retina, 

3. Raya from far object brought to focus on retina by 

use of, concave lens. 

4. Long sight or h 3 rpermetropia. Rarallel light brought 

to focus behind retina. 

5. Correction of long sight by use of convex lens. 
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(1 and 4). These defects can be corrected by a suitable choice 
of spectacles ; the defect is easily detected in persons whose 
eyes are not emmetropic even if they do not wear glasses, for it 



Fig. 24 * 8 .— To Illustrate the Beduction in Area of the Circle of Diffusion 
when the Aperture of a Lens is Beduced. 

is noticed that such persons tend to make the pupil of the eye 
contract, i.e. the aperture of the lens is reduced. When the 
aperture is so diminished the diffusion circles become less, i.e. the 

image is more distinct. These conditions 
are illustrated in Fig. 24*8. 

Another very common defect is that 
of astigmatism. An eye is said to be 
astigmatic when it has different refrac- 
tive powers in different planes; these 
differences can very frequently be attri- 
buted to anomalies in the curvature of , 
the cornea. These irregularities cause an 
image produced by the rays in one plane 
to be brought to a focus sooner than those 
which are in another plane, e.g. it may 
be possible to see clearly the vertical lines in a diagram when the 
horizontal ones are blurred or even not visible. This particular 
defect is corrected by the use of cylindrical lenses. A very simple 
test for astigmatism is to view the diagram shown in Fig. '24*9. 
An astigmatic eye which is focused so that the vertical lines are 
clear, fails to see, the horizontal lines distinctly. 

Vision through a Lens.— (a) Myopia or short~sight,~The 
image of a distant object is, in the case of a short-sighted person, 
brought to a focus in front of the retina. In order to produce a 
clear image on the retina the focal length of the crystalline lens 
mnst be increased. The ciliary muscles having failed to do this 
a supplementary lens must be placed in front of the eye. This 
lens must be concave because an additional concave lens always 
increases the focal length of a convex lens. 


Fig. 24*9.-— Simple Test 
for Astigmatism. 
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Emmple . — A person finds that his maximnm distance of distinct 
vision is 150 cm. What spectacles will he require in order to view 
a distant scene ? 

Let d be the distance from the crystalline lens to the retina. If 
is the focal length of this convex lens, then 

■ _ _ J 

|d| 160- I/ll • • • • ■ ■ • W 

Let /a be the focal length of the auxiliary lens which is required. 
We treat this as an algebraic quantity, so that the sign which eventually 
appears before its numerical value indicates the type of lens required. 
Then the reciprocal of the focal length, of the two lenses is given by 
1 11 


Since u 


in + ^ being essentially negative, 

i/il Ja 

= CO and v — d, this is expressed by 

1 1__JL 1 

1^1 00- IAI+/, 

1 1 


(2) 


by subtraction == or /g = 160 cm. (concave). 


(b) Hypermetropia or long-sight . — ^When rays from a distant 
object enter the eyes of a person suffering from this defect, they are 
refracted so that they tend to form a clear image behind the retina. 
For clear vision the focal length of the eye must be decreased, and 
this can be accomplished by the use of a subsidiar^^ lens, necessarily 
convex, because two convex lenses are always equivalent to a 
convex lens of shorter focal length. 

Example . — A person finds that his near point is 80 cm. away. He 
wishes to read a book at 36 cm. distance. What lens is required 7 
Let /i be the focal length of the eye lens. Then if d is again the 
axial length of the eye, 

_ _1 1 _ 

|d] 80 j/il 

When the auxiliary lens is used, the object is 36 cm. away, 

_1. ^ i ' 

|dl 36- IAI+/, 

where /* is the focal length of the required lens. 

80 ^36 /, 

or /g = — 65 cm. (convex.) 


Some Optical Illusions. — ^The sketches which comprise Fig. 
24’10 are examples of some fanadliar illusions. The straight lines in 
the first diagram are parallel, although they do not appear so ; the 
fact that they are continuous and parallel can be verified by viewing 
them sidewards from a low point of vision. The square of the next 
figure has been drawn accurately, yet this is apparently not so. 
The white square upon the black grottnd looks larger than the black 
square upon a white ground, although the two are equal. The 
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reason for tHs is that the image of a point is a smaU circle, so that 
the edges of the white regions invade the black ones. This is the 
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/AVAVAv/AyAy/ 

/AVAVAvAvAy^. 




Fia. 24*10. — Some Optical Illusions. 


so-called irradiation, a phenomenon to which all the above illnsions 
can be attributed. ^ i 

Retinal Fatigue. — Suppose that a disc is painted as shown in 
Fig. 24*11. The shaded portions are red, the rest are black and 

white. What will happen when such 
a disc is rotated in a plane about 
its centre ? One would imagine that 
there would be an inner and outer 
portion which would appear pink, 
the region in between being grey— a 
mixture of white and black. Such is 
only partly the case : the pink is 
there, but where one would have ex- 
pected the grey there is a faint 
bluish-green colour. The reason for 
this is that the eye becomes fatigued 
to the pink colour. All the white 
light from the central region does not stimulate the retina. The 
retina is tired of red light and only records the other colours— 
viz. the complementary bluish-green colour. 

The Young-Helmholtz Theory of Colour Vision.— A bney 
first showed experimentally that any colour may be snatched visu- 
ally by ad ding together various amounts of the three primary 
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colours. Let it be assumed that one half of a field of view is 
illuminated by a light stimulus, Q, having any desired energy 
distribution. This field may be matched in the other half by 
mixing the light from the three primaries in amounts R, G, and 
V respectively, i.e. 

Q = R + G + V. 

If one of these quantities is negative, that primary must be 
added to that part of the, field which is illuminated by the un- 
known sthnulus. 

The Young-Helmholtz theory of vision assumes that the eye 
contains three independent nerve sets, each being a selective 
detector of light energy. When more than one set of detectors is 
excited, a mixed sensation is produced, its character depending on 
the degree to which the individual sets have been stimulated. 
According to this theory it is assumed that each set of detectors, 
the red for example, transmits only the sensation of red to the 
brain, independently of the manner in which it is excited, i.e. 
light of a colour which is not red affects the red detectors to some 
extent, and the impression on the brain is that of red light. 

Although this theory is a useful one in helping us to understand 
the mechanism of a light sensation, there are some serious objec- 
tions to it. One of these is that there is no anatomical evidence 
for the existence of three sets of nerves in the retina. 

Colour-Blindness.— The Young-Hehnholtz theory of colour 
vision accounts for the colour sensations of colour-blind persons. 
These are people in whom ohe of the sets of selective detectors 
is not operative, e.g. the red sensation may be missing. As a rule 
such people confuse red and green objects. The employment of 
such a person as a driver of a railway train would result, sooner 
or later, in an accident. Occasionally, two sets are inoperative : 
when this occurs the sensation produced is very much like the 
black and white rendering of a coloured object in a photographic 
print. These people match every colour with some shade of grey, 
for the only sensation they perceive is that which normal eyes 
interpret as white. Hence, to them, colours only differ from each 
other and from white in^the degree of brightness. 

Colour-blindness was formerly termed Daltonism, since Daltoi? 
suffered from this malady. He was unaware of this defect in his 
vision until 1792 when he noticed that a pink geranium was pink 
by candle-light, but sky-blue by day. He examined the spectrum 
of white light and found that the image termed red by others 
was little more than a “'shadow or a defect of light.- Orange- 
yellow and green seemed one colour, while there was a pronounced 
difference between blue and green. Dalton said that a florid com- 
plexion looked blaokish-blue on a white groimd— persons with 
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normal vision may obtain an idea of tMs effect by observing people 
in the light from a mercury vapour lamp. Dalton also maintained 
that a laurel leaf was a good match to a stick of sealing-wax. The 
following story about Dalton, is at least amusing. He, being a 
Quaker, objected to wearing any material which was scarlet in 
colour. However, he wore a doctor’s robe (scarlet) for several 
days without realizing the astonishment it caused to others. 

The Use of Ultra-Violet Light in Therapeutics,— The 
spectrum which is visible to the eye is only a small portion of the 
complete spectrum of sethereal waves. The region beyond the 
violet end of the spectrum is the ultra-violet region and the wave- 
lengths here are shorter than in the visible spectrum. The natural 
source of ultranviolet radiation is the sun, but the amount of ultra- 
violet light which reaches any particular place depends, amongst 
other things, upon the altitude of the sun and the amount of atmo- 
spheric pollution. The greater the altitude the less the distance in air 
traversed by the sun’s rays so that the rays are less absorbed. The 
intensity of ultra-violet light is a maximum about 1 p.m. on a clear 
day. In the immediate neighbourhood of a large industrial city the 
amount of such radiation present in the rays which finally reach the 
earth’s surface is practically zero. Becent research has shown, that 
ultra-violet radiation is essential for the well-being of the com- 
munity so that, in places where sufficient ultra-violet radiation is 
not to be obtained from the sun, artificial sources must be used. 
Chief among such sources of this so-called artificial sunlight are the 
mercury vapour lamp and the tungsten arc. The mercury vapour 
lamp [cf. p. 427] consists of a silica vessel containing mercury and 
its vapour only. When a suitable potential is applied to the tube, 
a brilliant green light is seen and much ultra-violet light is emitted. 
In the tungsten arc lamp an electric arc is formed between tungsten 
poles and is a very powerful source of such radiation ; in fact the 
patient must wear dark glasses in order to protect the eyes. If the 
eyes are not so protected, permanent blindness may follow. 

In using these sources of ultra-violet rays in the home persons 
must be careful to guard against an over-dose. One of the worst 
of all the '‘light ” diseases which may be produced is Xeroderma 
pigmentosum ; coloured spots begin to appear on the skin, a^d, in 
early adolescence, may prove fatal. In fact, ultra-violet lamps 
should not he used too liberally, and it is better to obtain medical 
advice. 

Under suitable restrictions ultra-violet rays have proved them- 
selves to be very beneficial. When an organic compound called 
ergo sterol is exposed to ultra-violet radiation, vitamin D is pro- 
duced. The ergosterol loses its crystalline form and becomes 
resinous. This vitamin is essential if rickets are to be cured, and 
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it has been shown recently that the decay of teeth (caries) is 
largely due to a deficiency of this vitamin in early childhood. 
Eecent work has also shown that the stamina and milk of cows 
are improved when they are subjected to this so-called artificial 
sunlight or ultra-violet radiation. It has also been found that 
fowl lay better and that the eggs produce more healthy chickens 
after such treatment. 


EXAMPLES XXIV 

1. — ^A magnifying glass is held 3*6 in. in front of a newspaper and the 
print appears to be 3 times as large. What is the focal length of tb© 
lens t 

2.i— A person can see distinctly at a distance of 4 ft. What lens must 
be used in order for him to see a person 20 ft. away clearly ? 

3. — man cannot see distinctly unless the object is 40 in. away. 
He holds a book 15 in. from his eyes when reading. What sort of lens 
must be used ? What is the power of this lens ? 

4. — A man can see distinctly at a distance of 27*5 in. What lenses 
are necessary so that he may read a book 16*2 in. away ? 

5. — ^Explain the use of a convex lens as a magnifying glass. How 
is its magnifying power defined ? A magnifying glass of 5 cm. focal 
length is used by a person whose least distance of distinct vision is 
25 cm. Calculate the best position of the object, and the magnifying 
power of the lens, when the person holds it close to his eye. 

6. — ^Describe the optical system of the ©ye, and explain how three 
common forms of defective vision may be remedied by means of 
spectacles. 
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CHAPTER XXV 


THE ELEMENTARY THEORY OE OPTICAL 
INSTRUMENTS 

The Erecting Prism.— Let us suppose that a lens L, Eig. 25T, 
produces a real inverted image, IiBi, of an object OA. A real erect 
image may be obtained in the following way. PQR is a glass prism 
in which the angle at P is a right angle. Let us consider the extreme 
rays AC and AK of the cone of rays proceeding from A and which 
pass through the lens. In the absence of the prism the rays AC and 
AK are refracted along the paths CBi and KBj. When the prism 
is placed in position, the ray CD is refracted along the path DE and 



is then reflected along EE. Einally this ray emerges along EB, 
The ray KM is similarly refracted and reflected along the path 
KMNJB. A real image of the point A is now formed at B. 
Similarly, the ray OLS pursues the path STW through the prism 
and emerges as WI, so that IB is the image produced by the lens 
and prism together. It wiU be noticed that IjBi and IB are not 
at the same distance from L [Verify by performing an actual 
experiment.]. Moreover, 0, Ij and I are not necessarily coUinear. 

The Magnifying Glass or Simple Microscope.— We have 
already seen that the range of vision, even for a normal eye, is 
limited [cf. p. M2]. If the object is too near it cannot be seen 
distinctly, while if it is too far away the amount of light proceeding 
from the object and falling upon the eye may be so smaE that it fails 
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to excite the ultimate organs of sight in the retina or the details in 
it may be too m in ute for J}he eye to detect them. The reason for 
this latter limitationis that the retina has a structure resembling that 
of a mosaic pattern and unless the image of each detail in the object 
fails on a different “ tile in this pattern ’’ the details cannot be seen. 

Optical instruments have been designed in order to increase the 
range of vision of the eye. 

Let OA, Pig. 25-25 be a small object within the first focal 
distance of a converging lens L. To locate the image we consider 
a ray AH parallel to the principal axis of the lens ; after refraction, 
this proceeds in the direction HEg where Eg is the second principal 
focus of the lens. Since the ray AC passing through the centre of 





the lens does so without deviation, it follows that the image of A 
must be B, the point at which EgH and CA meet when produced. 
The image of OA is therefore IB : it is erect, magnified, and virtual. 
If an eye is placed at E and this image viewed, all the rays incident 
upon the lens do not necessarily enter the pupil of the eye after 
refraction by the lens. To obtain the confines of the rays which 
enter the eye we first join M and N, the extremities of the pupil, to B. 
If these intersect the lens in P and Q, then PM and QN are the rays 
which, having passed through the lens, enter the eye. Since, B is 
the image of A it follows that AP and AQ must be the rays which 
travel from A to the eye. Similarly, by joining M and N to I the 
confines of the rays proceeding from 0 to the eye are obtained. 

How to Use a Simple Microscope Correctly.— In an earlier 
chapter it has been shown that if an object is nearer to the eye than 
a certain distance the image is indistinct— this distance is referred 
to as the least distance of distinct vision* The simple microscope 
is a device whereby the image of an object placed inside this 
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distance is thrown back until it can be seen distinctly.^ In using 
a simpler microscope the eye is placed as close as possible to the 
lens and the object moved away tintil the image is distinct. These 
are the correct conditions under which such a lens should be used 
and when they are adopted the field of view is a maximum. 

The Magnifying Power of a Simple Microscope. ^The 
apparent size of an object depends upon the angle wMch that object 
subtends at the eye of an observer ; i.e. it is a function of the linear 
dimensions of the object and its distance from the observer. We 
have just seen that when a simple microscope is used correctly it is 
placed near to the eye and the object moved until the image is at the 
least distance of distinct vision. Now the magnifying power 
of a lens — as distinct from the linear magnification due to a lens 
[cf. p. 392}— is defined as the ratio of the angle subtended at the 
eye by the virtual image, to the angle which the object would 
subtend if placed at the least distance of distinct vision. Since the 
least distance of distinct vision varies from one person to another 
it is taken to be 25 cm. and optical instruments are designed so 
that the final image, shall be at this distance from the eye of the 
observer. We shall denote it by D. We therefore have 
Magnifying power, m = angle BCI angle OA would subtend when 

placed at the least distance of distinct 
vision 


^IB^OA 

““Cl • Cl 

if the angles concerned are so small that we may replace their 
circular measures by their tangents. Hence 

IB 




OA 


Cl 


This formula may also be written m = since the AGO and 

BCI are similar. Hence m = H where \v\ denotes the numerical 

W 

value of v, etc. 

Experimental Determination of the Magnifying Power of a 
Lens. — ^Let 1/| be the focal length of the lens while | u\ is the distance 
of the object from it when the image appears at a distance IDI , 
the least distance of distinct vision. 

. ■ ' . 1 ■ 1 1 . , 

From the formula ==-7, we have 

V u f 

JL ' ' 

pr N*" i/r 


so that m ' 


1m 




/r 
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To measure m it is therefore only necessary to measure the focal 
length of the lens and then determine the distance at which a small 
object must be situated for the image to be at the least distance of 
distinct vision. 

In practice the above method is objectionable since all observers 
do not obtain the image in the same position with respect to the lens. 
The following method is preferable. A piece of graph paper is 
placed on a table and the lens fixed at 25 cm. above it. A 
smaller piece of similar paper is attached to cardboard and mounted 
so that the lines on it are parallel to those on the lower sheet and 
that one line on it [inked over in red] and one line on the first [inked 
over in black] are in a plane containing the principal axis of the 
lens. The second sheet of paper is moved until the image of the 
red line as viewed by one eye close to the lens, appears to coincide 
with the black line as seen by the other eye. By counting the 
number of divisions n^on the lower scale which apparently coincide 
with % on the upper scale the magnifying power is obtained at once, 

for w = — . 

The Compound Microscope. — ^The essential parts of a com- 
pound microscope are two coaxial converging lenses, that nearer 
the object being known as the object-glass or objective, the other 
as the eye-piece. Both lenses must have a shoiii focal length, 
that of the objective being less than that of the eye-piece when the 
magnifying power is large. 

Let Lj and Lg, Fig. 25*3, be the objective and eye-piece, the two 
lenses being arranged so that their principal axes are concurrent. 
First let us locate the position of the image of a small object OA 



placed perpendicularly to the axis of the system. In the illustra- 
tion, the two lenses have been drawn, but it miist be clearly under- 
stood that the scale of the drawing in a direction at right angles to 
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tte system has been considerably enlarged to make the diagram 
more clear. If, therefore, some of the rays which are drawn 
eventually do not pass through the lens, it must be remembered 
that it is the lines through the centres of the lenses which are used 
in these constructions and that the shapes of the lenses are inserted 
only to remind us that such lenses are actually present. 

. The object is placed just beyond the first focus of the objective 
so that a real magnified image IiBj is produced. It can be found 
in the manner indicated. The eye-lens is arranged so that IiBi lies 
nearer to it than does its first focus F3. To determine the final 
image we note that a ray BjC parallel to the axis of the system is 
refracted by Lj so that it passes through F4 thejseoond focus of the 
eye-piece. The intersection of E4O produced and B^E, the ray 
passing through Lg without deviation, produced backwards gives Bg 
the image of A. By drawing Bglg perpendicular to the axis the final 
image is obtained. When a compound microscope is being used th^ 
eye is unconsciously adjusted so that the final image is at the least 
distance of distinct vision, since the observer knows that he is 
looking at a near object. 

To indicate the paths of the rays by which an eye sees the final 
image let us trace those rays which proceed from A to the eye. If 
additional rays have to be traced they can be obtained in the same 
way. The point Bg is joined to the limits of the pupil. Let these 
lines cut the plane of the lens Lg in M and N. Joining these two 
points to Bj and producing them backwards to cut the plane of the 
objective in P and Q we obtain the required rays in the space 
between the two lenses. If P and Q are then joined to A the paths 
of the rays are obtained completely. 

The magnifying power of the system is defined as the ratio of the 
angle subtended by IgBg at the eye to the angle which would be 
subtended by the object if it were at an equal distance away. This 
IB 

ratio is approximately for a microscope is designed so that 
EIg=2=E0. 

Experimental Determination of the Magnifying Power of a 
Compound Microscope. — Select two converging lenses of focal 
lengths 3 cm. and 5 cm. to serve as object-glass and eye-piece 
respectively. Mount the former about 5 cm. above a piece of graph 
paper and locate the position of the real image formed by placing 
a piece of wire held in a circular frame so that there is no parallax 
between the image of a straight line on the paper and the wire. 
Then arrange the second lens about 4 cm. above the wire. The 
wire may now be removed and the eye-piece adjusted so that there 
is no parallax between the final image of the straight line and a 
parallel line drawn on a piece of paper held at a distance of 25 cm. 
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from the eye-leES. The ratio of the number of divisions seen 
directly (y^i) corresponding to the number observed through the 
microscope (%) gives the magnifying power of the system. 

To check the above result determine the magnifying power of the 
eye-lens alone. To do this a piece of graph paper is placed so that 
its edge passes through a point on the axis of the lens, and a second 
piece of paper placed 25 cm. distance from the lens. The jfirst 
paper is moved until a clear image is formed in the plane of the 
second. By noting the number of unit divisions seen directly 
which correspond to a certain number in the image, the magni- 
fying power is at once obtained. The linear magnification pro- 
duced by the objective under the conditions of the experiment 
is then determined in the usual manner. The magnifying power 
of the compound microscope should be equal to the product 
of the linear magnification due to the object-glass alone and the 
magnifjdng power of the eye-lens : this fact we now proceed to 
establish. 

Magnifying Power of a Compound Microscope. — ^It has been 
shown [cf . p. 454] that the magnifying power of such a microscope is 

equal to But from Fig. 25-3, 

where is the focal length of the eye-piece, and 

1%1 

OA 

where | and | are the numerical values of the distances from L 
of IiBj, and OA. Hence 



Experiment,— "Plot a curve showing the relationship between the 
magnifying power of a compound microscope and the distance apart of 
the two lenses. ** 

The Astronomical Telescope. — The essential optical features 
of an astronomical telescope are an objective of long focal length 
and an eye-lens of short focal length arranged coaxially. The ob- 
jective produces a real inverted image of a distant object, which 
is then magnified by the eye-piece. When the telescope is in 
normal adjustment the distance between the real image produced 
by the objective and the eye-lens is equal to the focal length of the 
latter. The final image is then at infinity. To understand the 
formatioif of this final image let us consider a parallel beam of 
light AODB, Mg. 254, faffing upon the obje^^ whose centre is 
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0 and whose second principal point is P. After refraction by 
the lens, a point image will be formed at E, the point in the focal 
p1fl.nR where a secondary axis SO parallel to AC outs this plane. 
The extreme rays CE and DE of the refracted cone then faU upon 
the eye-piece and intersect the plane drawn_ through P at right 
angles to the principal axis of the system^ in R and Q. The 
refracted beam emerging from the eye-piece is determined by con- 



JFig. 25*4. — ^Principle of an Astronomical Telescope in Noimial Adjustment. 


stmcting straight lines through Q and R parallel to EP, the 
secondary axis of the eye-piece passing through E. 

The magnifying power or angular magnification of a telescope is 
defined as the ratio of the angle subtended at the eye by the image 
to the angle subtended by the object. It is therefore given by 

l^E BE . EE [since small angles may be meas- 
^ _ 4 - _ tangents]. 

EOE 

OE |focal length of objective] /i 
IT ~ |focal length of eye-piece| ~ /g ‘ 

When near terrestrial objects are viewed through a telescope the 
latter is not in normal adjustment and the final image may be 



produced at any position convenient to the observer. Suppose that 
Eig. 25*5 represents the positions of th^two lenses and the object, 


OA, and the final image I^Ba for such a system. * Assuming that the 
eye is very close to the centre E of the eye-piece, we have 

angle subtended at eye by image 
angle subtended at eye by object 


m ■ 


B,EIg 

B,CI, 

BiEIi 

B,CI, 


[approx.] 

_C]^ 

““Ell 


distance of real image from objective 
distance of real image from eye-piece 


l/i[ (when telescope 
is in normal ad- 
justment). 



Fia. 25‘6 — ^Apparatus for Determining the 
Magnifying Power of a Telescope. ’ 


Experimental Determination of the Magnifying Power of 
Telescope. Method i : Set up at one end of the laboratory a long 
piece of inch graph paper on which the inch lines have been heavily 
marked in ink. At 
the other end of the 
room set up a con- 
verging lens of long 
focal length to form 
a real image of the 
scale : the position of 
this image should be 
located by means of 
a pin so placed that 
there iano parallax between it and one of the divisions in the image 
of the scale. Then arrange a second converging lens of shorter focal 
length so that it produces a magnified virtual image of the first 
image. This should be viewed with both eyes open and the eye-lens 
adjusted until the scale and its image can be seen at once. • By 
adopting this method one is quite certain that the plane of the 
image coincides with that of the object itself. The angular 
magnification of the system is then equal to the ratio of a certain 
number of divisions as seen directly which appear to coincide 
with % of the divisions as seen through the telescope. 

Alter performing this part of the experiment it should be 
verified that the magnifying power is also equal to the ratio of the 
distance of the real image from the objective to the distance of 
the real image from the eye-piece. 

The difficulty often experienced of viewing the scale directly 
with one eye and through the telescope with the other at the 
same time may be overcome with the aid of the apparatus shown 
in Fig. 25'6. G is a thin sheet of glass arranged at 45^^ to the 


m omos 


axis of the system ; it permits the rays coming through the tele- 
V scope to enter the eye E. M is a plane mirror reflecting direct 
^ rays from the distant scale on to G; a portion of this light is 
reflected into E and the two images are seen superposed. A value 
for the magnification is then easily obtained. 

[An arrangement similar to the above may be used in deter- 
mining the magnifying power of a microscope. M is no longer 
necessary, but a scale identical with that observed through the 
microscope is placed at a distance D from G, the length of the 
scale being parallel to the axis of the microscope.] 

Method ii : Focus the telescope for parallel rays and then direct 
it towards a white cloud. Eeceive the emergent light — ^which is 
a parallel beam— on a piece of ground glass placed^at right angles 
to the axis of the telescope. A bright circular patch of light 
Jknown as the Ramsden Circle ** will appear on the glass. Mea- 
sure the diameter of this circle— and the diameter of the objec- 
tive— di- Then m = di -f dg [proved below]. 

Method Hi: Place a diaphragm over the objective, the 
diaphragm being pierced with two small holes at distance rj apart. 
Receive the images of these on a piece of ground glass and measure 
their distance apart— — by means of a travelling microscope. 
Then m == rg. 

Method iv : Focus the telescope for parallel rays and direct 
it towards the sky. Remove the objective and measure the dia- 
meter, da, of the circular patch of light produced on a ground glass 
screen placed near to the eye-piece. If djis the diameter of the 
aperture, m = dj — dg. 

Proof : Let F and / be the focal lengths of the objective and 
eye-piece respectively. Since the object is at a distance [F] + |/1 
from the eye-piece, we have 

1 1 1 
l^’l iFi+i/r 1/1 
■ i/i[m+i/i] 

IFI 


But 


m+\f\ p 

di lv| / 


= m. 


The Terrestrial Telescope.— In viewing terrestrial objects 
through an astronomical telescope inconvenience is often caused 
by the fact that the image is inverted. To overcome this difficulty 
the terrestrial telescope shown in Fig. 25*7 may be used. We shall 
assume that the telescope is in normal adjustment, i.e. the object 
and final image are both at infinity. Parallel rays incident on the 
lens Li are brought to a focus in the focal plane of this lens so that 
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if we imagine that the object extends from a point on the axis of 
the system to a point P from which the parallel rays considered 
emerge, IjBi will be the real image of the obj&t produced by Lj. 
This image is inverted, but it is made erect by means of a converging 
lens Lg. This is arranged in such a position that the distance from 
it to 1 1 is twice its focal length. The real image which it produces 
is I 2 B 2 and although no additional magnification has been achieved 
by the arrangement adopted the image is now erect and the distance 
I 1 B 2 is a minimum consistent with the focal length of Lg. This 
latter condition is advantageous since the total length of the system 
cannot be increased beyond definite limits without causing the 
system to become unwieldy. A third lens Lg is placed so that IgBa 
is in its first focal plane : the final image is then at infinity, the 



Fia. 25-7. — Principle of a Terrestrial Telescope in Normal Adjustment. 


direction of the emergent beam being parallel to the secondary axis 
IgS where S is the optical centre of Lg. 

For a terrestrial telescope not in normal adjustment Fig. 25*8 
mdicates the method of locating the final image. To construct the 
path of the rays through the system by means of which an eye sees 
some particular point in the object, the corresponding point in the 
image is joined to the periphery of the pupil. Let B and C be the 
points at which these lines intersect the central plane of the lens 
Lg. Those portions of the lines from B and C to the eye are shown 
in full since they represent actual rays, while those portions drawn 
to the point in the image are dotted since the image is virtual. The 
points B and G are then joined to Eg and produced to intersect the 
principal plane of Lg in D and E. These points are joined to Bj and 
DB j and EB j produced to meet the principal plane of the lens Li in 
G and H. By joining these two points to A we have traced th^rays 
from A through the system to the eye. 
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Fig. 26*8. — Principle of a Terrestrial Telescope not in Normal Adjustment. 


Galileo's Telescope. — The disadvantage of the astronomical 
telescope when used to view terrestrial objects has been overcome as 
described above by the use of a third lens. The objection to this 
is that the length of the telescope has been increased. Galileo’s 
telescope has the advantage that it produces an erect image and yet 
the distance between the lenses is less than in an astronomical tele- 
scope having an equal objective and magnifying power. Let us 
consider Galileo’s telescope when in normal adjustment as shovm in 



Fig. 25*9. — Principle of Galileo^s Telescope in Normal Adjustment. 


Fig. 25*9. Rays proceeding from a point in the object in a direction 
parallel to AC, a secondary axis of L j would, in the absence of 
the eye-piece, be brought to a focus at B, that point in the second 
focal plane of Lj where it is intersected by AC produced. The eye- 
piece, Ljj, is a diverging lens of short focal length so placed that its 
first principal focus is also at P. When the converging beam of rays 
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from Li is refracted by Lg the emergent rays are parallel to the sub- 
sidiary axis PB of the eye-piece. The final image is therefore a 
virtual one situated at infinity : it is erect. The magnif jung power 
of this telescope, which is the ratio of the angle subtended at the eye 
by the image to that subtended by the object, is given by 

^^BPP_BPE^ /,! 

ACX FCB 

Fig. 25*10 shows how the image is produced when Galileo ^s tele- 
scope is not in normal adjustment. 



Fig. 25 ’10. — Principle of Galileo’s Telescope not in Normal Adjustment. 


Prism Binoculars.— The field of view in Galileo’s telescope is 
not uniformly bright and for a magnifying power 3 [the usua! value 
when the telescope is made in the form of opera-glasses] the field 
of view is 2*5 times smaller than that of an astronomical telescope 
having the same power. It is for these reasons that prism 
binocifiars have been designed. The essential difierence between 
such an instrument and an astronomical telescope is that two right- 
angled glass prisms with their edges at right angles to each other 
are placed between the lenses. If two parallel rays A and B, 
Fig. 25*11 (a), strike the base of the first prism, the refracting 
edge of winch is vertical, the rays enter the prism and are reflected 
frpm one face to the other and then again, so that they finally 
emerge parallel to their original direction but with lateral inversion, 
i.e. the right-hand side is now the left, and vice versa. If these 
rays fall on a second prism whose refracting edge is horizontal 


462 


omcs 



the two emerging rays are inverted as shown. Fig. 25-11 (6) 
illustrates a modern form of field glass or prism binoculars. 

Newton’s Reflecting Telescope.— When Newton discovered 
that the images produced by lenses were always indistinct at their 
edges he ceased to try to improve Galileo’s invention and designed 
an instrument in which the refraction of light was avoided. The 

principle underlying this 
design is indicated in 
Fig. 25-12. A concave 
mirror C acts as the ob- 
jective and reflects par- 
allel rays OP, OQ, from 
the uppermost point in a 
distant object to a point 
E in the focal plane of the 
mirror. The point E is 
determined by construct- 
^ ing FR parallel to the 
incident rays. Since the 
ray FR passes through 
the focus of the mirror it 
will travel along RE after 
reflexion, where RE is 
parallel to the axis of the 
mirror. If the ob j ect has 
its lowest point on the 

_ axis, then FE will repre- 

Fig. 25*12. — Principle of Newton's Renectxng . , , . t i 

Telescope in Nomial Adjustment. sent the image produced 

by the mirror alone. To 
avoid the necessity of looking at this image directly and thereby 
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obstructing some of the incident rays, Newton placed a plane mirror, 
MN, at 45^^ to CP, so that a brilliant image was formed at HG. 
To find the position of this image we note that G and H are at the 
same perpendicular distances from the mirror as are the points E 
and P respectively. If this image lies in the first focal plane of a 
converging lens L, the final image is at infinity. The telescope 
is then in normal adjustment. 

Some Modern Reflecting Telescopes. — Since it is difficult to 
produce large lenses it seems likely that future improvements of 
telescopes must be made with those of the reflector type. In view- 
ing faint stars, for example, it is necessary to have as large an 
aperture as possible since more light then enters the telescope and 
so produces a brighter image. The largest objective at present in 
use is that at the observatory at Lake Geneva, Wisconsin, U.S.A, : 
its diameter is 40 inches. The largest concave mirror is the objective 
of the 100-inch Hooker telescope at Mount Wilson, California, and 
any imperfections which may exist in the interior of its glass and 
which would be fatal if that glass constituted a lens, become of 
minor importance when the light is merely reflected from the surface 
of the glass. 

Some attempts have been made to construct telescopes of this 
type in which the concave mirror consists of a pool of mercury 
rotating uniformly about a vertical axis through its centre. The 
sui’face of the mercury assumes a parabolic form under such cir- 
cumstances so that a point image of a distant source is obtained 
in the focal plane of the mirror. 

The Periscope. — Suppose two plane mirrors, M and N, Fig. 25T3, 
are arranged so that rays of light incident upon M are reflected so 
that they fall upon N from whence they are reflected in a direction 
parallel to the incident rays. For this to be possible the mirrors 
must be parallel. A glance at the diagram shows that the rays have 
suffered a lateral displacement. It is therefore possible for an 
observer to see objects by looking into the mirror N without himself 
being seen. This is the essential principle of a periscope, only the 
range of vision is increased by combining it with a telescope. For 
simphcity we will assume that an astronomical telescope is used. 
The two plane mirrors do not invert the image, yet when they 
are combined with such a telescope the final image will be inverted 
since this is a characteristic feature of an astronomical telescope. 
Some piece of additional apparatus must therefore be inserted in 
the system. Let us suppose that an erecting prism has been placed 
in front of M as in Fig. 2544. Parallel rays from a ^oint A in a 
distant object pass through the prism and strike the mirror 
M at B and C whence they are reflected along BD and CE. If OH 
is the secondary axis of the lens Li parallel to BD and CE these rays 
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will be brought to a focus at H, the point in the second focal plane 
of the lens where it is cut by OH. An image is therefore produced 
at HIi. A virtual image of this is produced by reflexion in the 
mirror N, and if this image is at KIg in the first focal plane of the 
lens Lg the final image is at infinity. To complete our trace of the 
rays from A through the system, the point K, the image of H, is 
joined to the points where DH and EH meet N, and the lines pro- 
duced to cut the principal plane of the lens in R and S. The rays 



are then refracted by the eye-piece Lg so that they proceed in direc- 
tions parallel to KP, the secondary axis of Lg ]passing through K. 

In practice the prism is not placed in front of the plane mirror M, 
but it has been drawn in that position since if the student will carry 
out the above construction it furnishes an excellent exercise in the 
principles of geometrical optics. In actual periscopes the erecting 
device is placed after the rays have passed through the lens Lj. 

The Optical Lantern.— The essential features of a lantern used 
for projecting images on a screen are indicated in Fig. 2545. A 
Pointolite*’’ lamp, S, is placed at a short distance from a large 
converging lens L^, termed a condenser. Sometimes a water 
trough is placed before this lens to reduce the amount 'of heat 
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radiation npon it and so render it less liable to fracture. In the 
absence of a condenser the amount of light incident upon the slide 
is confined to the cone ASB, whereas when the condenser is used the 
lightintheconeCSDilluininates the slide if it is suitably placed. An 



achromatic lens Lg is erected in front of AB and their distance apart 
varied until a clear image IJa is obtained. The path of a ray OQ 
proceeding from a point 0 in AB is constructed in the usual way by 
drawing the secondary axis MN parallel to OQ. Then QNI is the 
path of the ray after leaving the lens. 



The Epidiascope. — ^An epidiascope is an arrangement of lenses 
and a mirror for projectinganimageof an opaque object on a screen. 
A converging lens, is placed so that its second focal 

plane contains the filament of an electric bulb. This filament lies 
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in a plane perpendicular to that of the paper so that a maximiun 
amount of light may pass through Ly This hght iUuminates any 
object such as OA. Lj is the projecting lens carried in a suitable 
stand to enable its distance from the object to be varied. In the 
absence of the plane mirror M which consists of a piece of opticaUy 
worked plate glass silvered on its front siuiace to avoid the forma- 
tion of multiple images [cf. p. 380], a real image IiBi would be 
formed. When the mirror is in position the final image is at I^B, 
which is located as f oUows : from B j and I j erect perpendiculars to 
the plane of the mirror M and produce them to Bj and Ij respectively 
such that BiJ = JBj,, etc. Then I^Ba is the image, and the path of 
the rays from A to Bj is completed in the usual way. 

The Telemeter or Range Finder.— It is at once apparent from 
trigonometrical considerations that if the base of a right-angled 



triangle is known as well as the angle which the base subtends at an 
object placed at the apex of the triangle, then the distance of the 
object is readily calculated. If the distance is very great and the 
base small and normal to the line of sight the distance is again 
calculable from the length of the base and the circular measure of 
the angle subtended. To discover the magnitude of this angle 
many forms of telemeter or range finder have been invented : the 
principle of the Babb and Steoto range finder is illustrated m 
Fig; 26-17. Rays of light PQ and RS inclined to each other at an 
angle 6 are incident upon two mirrors andMjincIinedat 45° to the 

‘base.’ Convex lenses Lj and La then produce images of the 
object at their respective second foci and the specially constructed 
prism ABCD enables these images to be seen at X and Y when the , 
small prism K is absent. In the sketch X and Y are represented 
as poittts on a screen : actually they are forined in the first focal 
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plane of a microscope. Now the distance XY is a measure of 6, the 
angle required. Instead of measuring the distance XY the small 
prism K is moved until the two images coincide. The path of the 
central ray from after leaving K is shown by the dotted Hne. 
A pointer attached to K and moving over a scale parallel to the 
base of the instrument gives the distance of the object directly. 
The scale is calibrated by sighting objects at known distances. 

Telescope and Microscope Objectives. — In our treatment of 
optical instruments we have always supposed them to be fitted with 
single lenses, i.e. the objective and eye-piece 
are each a simple lens. Such lenses suffer very 
considerably from defects known as chromatic 
aberration and spherical aberration. The ob- 
jective of a refracting telescope is corrected 
for chromatic aberration by combining a con- 
verging lens of crown glass with a diverging 
lens of flint glass, but so that the combination 
still acts as a converging lens [see Eig. 25-18]. 

To reduce spherical aberration in it the lens 
is mounted with its converging component 
towards the object. But the use of two 
lenses has brought with it a disadvantage 
which is overcome in the following way : — ^If 
the inside faces ot the two lenses are separated 
from each other some of the light passing through the converging 
lens will be reflected from the front face of the second lens with a 
consequent reduction in the brightness of the image. This defect 
is eliminated by making the radii of curvature of the inner faces of 
the two lenses identical, and cementing them together with Canada 
balsam, the refractive index of which is intermediate between those 
of crown glass and flint glass. 

The field lens of a telescope is made large so that the amount 
of light collected by it shall be as large as possible in order that 
the final image shall be bright ; also, that details in the object 
shall be clearly seen — ^we say that the resolving power of the 
instrument has been increased. Moreover, it has been shown that 
the magnifying power due to a telescope, in normal adjustment, 
for example, is expressed by the ratio 

focal length of objective 

focal length of eye-piece’ 

It would therefore appear that by increasing the relative focal 
length of the objective the magnifying power could be increased 
indefinitely. Now although the magnifying power may be in- 
creased in this way, no advantage is gained for no further details 



Fio. 25- 18. — ^Tele- 
scope Objective. 



Fig. 25* X9. — Abba’s Immersion 
Objective. 
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become visible, unless the diameter of the lens is increased : for 
a high resolving power requires a lens of large diameter. 

The objective of a first-class microscope is a very complicated 

piece of apparatus; it is difficult to 
construct and therefore expensive. 
For very high-power work it is neces- 
sary to immerse the specimen in 
cedar-wood oil, the front surface of 
the objective also being in the oil. 
Such a lens is known as an 
immersion lens. A diagrammatic 
representation of Abba’s immersion 
objective is shown in Eig. ^5*19. The 
lowest lens Lj is a piano-hemi- 
spherical convex lens ; the inter- 
vening space between this and the 
object is filled with the oil, which 
has the same refractive index as 
glass. This implies that no refraction 
takes place until the rays leavb Lj. 
If 0, a point in the object, is such 
that 0 and Oi are aplanaticpoints, i.e. Oi is a point image 
of the point source 0, with respect to A, the point where the 
hemispherical surface cuts the principal axis of the lens, then all 
rays from 0 appear to diverge from Oi, irrespective of the obliquity 
of the rays. A second lens L 2 is placed above L^, its lower face B 
having Oi as its centre of curvature. The rays which apparently 
proceed from Oi are not refracted at B,but only at the upper face 
0 of the lens Lj, so that they appear to 
proceed from O 2 , a point which is made 
aplanatic with respect to Oi. Com- 
pound lenses Lg diminish the effects of 
chromatic aberration, i.e. they are com- 
posed of convex lenses of crown glass, 
cemented to concave lenses of flint glass. 

Aplanatic Foci . — ^Let 0 and I, Eig. * 

25*20, be two points on the axis AC 
produced of a convex spherical re- 
fracting surface such that CO = B>/p and Cl = where is 
the index of refraction of the material and E the radius of 
curvature of the surface. The A^s COP and CPI are similar, since 
on 1 np 
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sinCPO sin CPO 
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It therefor© follows that IP is the direction of the refracted 
ray and hence, whatever ray proceeds from 0, the direction of 
the refracted ray passes through I, i.e* 0 and I are aplanatic 
focL 

EXAMPLES XXV 

1. — How may a convex lens and a concave lens be employed to 
form a telescope t Give a carefully drawn diagram 6f the paths of 
the rays by means of which an ©ye may observe a point in a distant 
object. 

2. — State the arrangement of lenses necessary for the foimation of 
an opera glass. Show by means of a diagram how the position of the 
final image may be found. Trace the path through the system of 
rays from a point on a distant object off the axis of the system. 

3. — ^The pictxire on a lantern slide 3 in. square is to be projected 
upon a screen 18 ft. distant from the slide by means of a lens of 10 
in. foo|Ll length. At what distance from the lens must the slide be 
placed, and what will be the size of the picture on the screen ? 

4. — ^Describe the optical parts of a compound microscope and trace 
the rays through the system by means of which an ©ye sees a point 
in an object oiS the axis of the microscope. Upon what does the 
magnifying power of a microscope depend f How would you measure it? 

6. — Describe the action of a compound microscope formed by two 
convex lenses and show with an example how to determine its magni- 
fying power. Will this last be afiected by short-sightedness in the 
observer. (L. ’25.) 

6. — What is an achromatic lens ? Give an account of the principles 
of construction of achromatic prisms and lenses. (L. ’24.) 

1 .- — The focal lengths of the lenses of a reading telescope are 26 cm. 
and 4 cm. and it is used to view a scale 1 metre from the object- 
glass. If the image is formed 25 cm. from the eye, which is close to the 
eye-piece, draw a diagram showing the paths of the rays through the 
telescope. Calculate the magnifying power of the instrument. (L. ’30.) 

8. — Give a general explanation of the construction of an achromatic 
lens suitable for use (a) as a telescope objective, (5) in a photographic 
camera. How does the appearance of the image seen through an astro- 
nomical telescope vary with the diameter of the objective ? 

9. — ^Explain how you would arrange three converging lenses on a 
common axis so that a beam of light from an object on the axis and 
outside the system will produce (a) an erect real image, (6) an erect 
virtual image, after passing through the three lenses. Give diagrams 
showing the paths of rays of light from a point on the object to the 
corresponding point on the image in 'each case. 
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The Pin-hole Camera.— The simplest form of camera — a 
device for producing an image of an object — consists of a very , 
small hole pierced in a light-tight wooden box. If a piece of white 
paper is placed at a short distance away from the hole an image 
of the external object is produced on it. The formation of an 
image under these conditions is explained on the hypothe|is that 
light travels in straight lines. If a gas-fihed electric lamp with its 
irregularly-shaped tungsten filament, Fig. 26*1, is placed in front 
of a piece of tin-foil in which a small pin-hole has been pierced, 
light travels in straight lines from the different points of the fiOl.ament, 



passes through the hole, and falling on the screen behind, produces 
a series of point images — ^the complete picture is an inverted image 
of the filament. [The lamp should be screened by a suitable box.] 
This image becomes more and more blurred as the siae of the hole 
is increased, because the light which passes through each portion 
of the hole gives rise to an image. A blurred image is also obtained 
if several holes are pricked in the foil ; each hole gives rise to an 
image and the blurred nature of the picture is caused by the over- 
lapping of the several images. It must be noted, however, that the 
shape of the hole does not affect the image, providing, of course, 
that the hole is small. 

The Photographic Camera. — The great objection to the use 
of a pin-hole camera, if sharp images are to be obtained, lies in the 
fact that only a small amount of light is available for the production 
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of tiie image— because the pin-hole is small. On the other hand, 
the dimensions of the image are strictly proportional to those of 
the object. If the pin-hole is replaced by a single bi-convex lens, 
then the amount of light available is increased many times. But 
the insertion of a lens has introduced all the errors to which such 
a lens is subject — spherical aberration, chromatic aberration, 
distortion, astigmatism, lack of flatness of field, etc. Hence, in 
order to produce a picture which shall be more true to real life, 
the optician has designed a lens in which these defects are reduced to 
a minimum ; they can never be reduced to zero, although the modern 
anastigmatio lens is an excellent example of the optician’s skill. 

The Photographic Objective. — In designing this lens so that 
it shall be as free as possible from chromatic aberration it has to 
be remembered that the conditions under which it is to be used 
are very diflerent from those under which a telescope objective is 
employed. In the first place, the eye is used to decide whether or 
not the image on the focusing-screen is sharp. Since the eye is 
most sensitive to yellow light, whereas the chemicals in the emulsion 
of the film are generally most sensitive to the blue and actinic rays, 
it follows that the focal lengths of the lens for the yellow and blue 
rays should be identical, for although the yeUow rays are less 
actinic than the blue, the yellow and blue rays must be focused in 
the same plane, for, otherwise, although the image as seen by the 
eye may be judged sharp, that obtained on the plate will be fuzzy 
since other rays have been more responsible for its production. 

The Photographic Plate. — In the chapter on dispersion it 
has been stated that ordinary white light is composed of several 
colours which are capable of being separated out into a spectrum 
by means of a prism. It has long been known that light of any 
colour is capable of producing a chemical change — the light is said to 
act photochemically. To such an action must be attributed the tan- 
ning of the skin after prolonged exposure to the sun, and the change 
in the colour which occurs when pigments are similarly exposed. 

The darkening in colour of silver salts under the influence of 
light is a fact which has been well established for many years ; 
the early discoverers of this phenomenon were puzzled by the 
appearance of something dark which had to be attributed to light. 
During the process of blackening silver chloride some free chlorine 
is evolved, for it has been shown that chlorine water, if applied to 
some darkened silver chloride, restores the original colour. Many 
writers have maintained that a subchloride of silver is produced 
which combines with the free silver chloride to form a complex 
compound, AgCI . jrAggCL In the manufacture of modern photo- 
graphic plates silver bromide is used, and the influence of light 
upon it is similar to the action upon the chloride. 


OPTICS 


472 " 

To make a photographic plate or fflm a piece of glass, or sheet 
of celluloid, is coated. with a film of gelatine carr3dng particles of 
silver broBiide in suspension. When dry it is ready for use. 

The Latent Image, and its Development. If such a plate is 
exposed to light rays, e.g. the image of some illuminated, object 
is allowed to fall upon it, the bright portions of the image cause a 
greater blackening of the bromide than do the darker portions of 
the image. The effect produced on such a plate is not visible ; 
there is only present the latent image, and a developer is used in 
order to render this image visible. The developer consists of a 
reducing agent, such as ferrous sulphate or pyrogallic acid, which 
converts the bromide particles which have been affected by the 
light into metallic silver, which is deposited in the form of black 
granules. When the black granules have become sufficiently dense, 
the plate is removed from the developer, washed, and placed in a 
solution of sodium thiosulphate or hypo (NagSaOs . IOH2O). The 
function of this salt is to dissolve the unaffected portions of the silver 
bromide remaining on the plate, so that the ultimate result is a dis- 
tribution of black metahic silver particles throughout a gelatine film. 
The distribution varies according to the manner in which the light 
and shade were distributed in the original subject. This final record 
is called a negative, and the negative is perfect when the contrasts 
in the subject have been recorded faithfully. To prepare a true 
likeness from such a negative, a positive must be made. Paper, 
treated similarly to the original plate, is placed in immediate contact 
behind the negative [enlargers being omitted] and the whole exposed 
to a uniform light. The light traverses the transparent portions 
of the film more readily than elsewhere, so that a developable image 
as produced on the sensitized paper. After development and fixing, 
a permanent photograph is obtained. 

Orthochromatic Plates and Films. Light Filters. If a 
blue and a red object are observed together by a normal eye the 
blue one may appear to be darker than the red one ; in a photograph, 
however, the red will appear to be darker if an ordinary plate is 
used. The reason for this lies in the fact that an ordinary photo- 
graphic emulsion is more sensitive to blue than to red light ; were 
it not so, a ruby lamp cquH not be used in the dark room. Similarly, 
if a landscape is photographed, the beauty of the original does not 
survive in the negative, for the plate fails to differentiate between 
the varying shades of green, while the clouds may not be retained at 
all ; the dark blue of the sky cannot be distinguished from the white 
clouds because the blue and white rays are equally actinic. 

In an orthochromatic or isochromatic plate or film the emulsion 
is made sensitive to yellow and green rays, but at the same time 
it remains exceptionally sensitive to the blue and violet rays. If, 
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therefore, the aim of the photographer is to obtain a true mono- 
chrome picture of the object he must cover his lens with a filter. 
A filter is a piece of stained gelatine (yellow) fitted between two 
pieces of glass, or, better still, the glass itself is stained. Now the 
function of this yellow fiuiter is to absorb some of the blue and 
violet rays. If the grade of filter has been properly selected then the 
transmitted rays will be such that the resulting negative can yield 
a picture which shall be almost as pleasing as the original object. 

Some makers of orthochi’omatic plates place a yellow dye in the 
emulsion of the plate when the use of a fiOlterds not necessary. 
Such self-screening plates are very effective, but no isochromatie 
plate wfii give such good results as a panchromatic plate. 

Panchromatic Plates. The isochromatie plates mentioned 
above are stiU insensitive to the red rays which emanate from the 
object, so that the red portions of the object assume, in the print, 
a tone which is much too dark. Now panchromatic plates are 
sensitive to aH colours, so that it is impossible to develop them with 
the aid of a red lamp. Like orthochromatic plates, however, they 
are still exceptionally sensitive to the blue region of the spectrum. 
If, therefore, the full benefit is to be obtained from such plates a 
yellow filter must be used. The darker the fiOlter the longer the 
exposure, but the resulting negative is better provided that the 
plate has not been unduly over-exposed. 

It may be thought that the development of a panchromatic 
plate is very difficult since it must be done in darkness. Fortunately 
this is not so, especially if the plate is first desensitized. The plate 
is removed from the camera slide in complete darkness and then 
placed in a dilute solution of pinacryptol green for one minute. 
After this the plate may be developed in a yellow light or by the 
aid of a fairly distant candle flame. 

Contrast Photography — Clouds. — ^Whilst panchromatic plates 
have been designed to render correctly the tones present in an 
object, they can also be used to accentuate certain details in it. 
If the colours red and blue predominate, then a correct rendering 
is obtained by a filter of such colour that about four times the 
normal exposure is required. If, however, for any reason it is 
necessary to contrast the red and blue then a red filter is placed 
over the lens. This red absorbs the blue rays entirely so that the 
corresponding parts of the negative are not affected. In this way 
the contrast is accentuated. 


CHAPTER XXVII 
THE VELOCITY OE LIGHT 

Astronomical Method.— Ail ihe attempts made by Galileo 
and others having failed to fix a definite value for the velocity of 
light, it was assumed that the speed of light was infinite until some 
curious results were obtained in 1676 by a Danish astronomer, 
Rombb, with reference to the periodic times of the satellites or 
moons revolving round the planet Jupiter. These could only be 
explained by assuming that the velocity of light was fimte. Prom 
observations on the times of successive disappearances of the 
innermost satellite — ^the one which moves in the same plane as 

that containing the sun, 
earth, and Jupiter — R5mer 
predicted the times when 
future eclipses should occur. 
He discovered that his cal- 
culated times did not agree 
with those at which, the 
eclipse actually took place 
and noticed that the dis- 
crepancy increased continu- 
ously as the earth moved 
away from Jupiter. 

Let S, Fig. 27*1, be the sun while the positions of the earth and 
Jupiter at corresponding times as they each revolve round S are 
indicated by the letters E and J with appropriate suffixes. When 
the earth, sun, and Jupiter are coUinear with the earth between the 
sun and Jupiter, the earth and Jupiter are said to be in conjunction : 
when they are coUinear but the earth on the side of the sun away 
from Jupiter, they are in opposition. Let us suppose that an 
eclipse of Jupiter’s innermost satellite takes place when the earth 
and Jupiter are at Eq and Jq respectively. If we measure time 
from the instant when the eclipse actuaUy occurs, the disappearance 

will be seen at a time —I—®, where c is the velocity of light across 

. . ■ ' ■ 

« interplanetary space. Suppose that the mext disappearance of 
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Fiq. 27’1. — Romeros Method for Deter- 
mining the Velocity of Light. 
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this satellite happens when the earth is at and Jupiter at 
If the period of revolution of this satellite is r, the disappearance 
which actually takCvS place at tinae r, will he observed at a 
time 

i.e. the true period cannot be directly observed. Let us further 
assume, however, that, when the earth and Jupiter are next in 
opposition at and J„, the satellite has made n revolutions. 
These will be complete at an actual time nx^ but the completion 

E J 

will be observed on the earth at a time nx The observed 

c 

time, corresponding to % revolutions is therefore 


or : 


if E, is the radius of the earth’s orbit. 


Similarly % more revolutions will have occurred when the two 
planets are in conjunction at Eg^ and Jg^, after the lapse of another 
0'545 year. The observed interval between them will be 

' 2R 


Hence = — . 

c 

Romer found this difference to be 2,000 seconds, so that since 
E = 93 X 10® miles, c = 186,000 miles per second, or 300 X 10® 
metres per second. 

Fizeau^s Method. — Fig. 27*2 is a diagram of the apparatus 
employed by Pizeau about 1849 to determine the velocity of light 
in air. An image of a powerful source of light, S, was produced 
by means of a converging lens Lfand a glass plate, G, at E between 
two teeth of a toothed-wheel, W, rotating about a horizontal axis. 
A converging lens La was adjusted so that E was at its first principal 
focus, i.e. any light incident from E upon tMs lens emerged as a 
parallel beam. At a distance of 8*63 kilometres the receiving 
apparatus was erected. This consisted of a converging lens L^ 
and an eye-piece L^. The receiving apparatus was directed to 
pick up the light from the sending station so that an image was 
produced at P — ^the lens L4 enabled this image to be observed and 
the coUineation corrected. A plane mirror was then placed a^P 
causmg the light incident upon it to be reflected back to E. Some 
of this reflected light passed through the half-silvered mirror G 
to''the' eyepiece '.L®.'' ' 
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When W was caused to rotate the light rays arriving at P from 
the source were alternately transmitted through a space between 
two teeth and then intercepted by a tooth. At slow speeds the 
hght transmitted was able to travel from E to P and back before 
the wheel had moved even through a small angle so that an image 
was still seen. When the light was intercepted no image was seen. 
The effect of this slow rotation was to produce a succession of 
appearances and disappearances of the image, Le. an eye at E 
perceived a dickering image provided that not more than 8 or 10 
reappearances of the image occurred per second. When the speed 
of rotation was increased the flickering ceased owing to the per- 
sistence of images on the retina and the intensity of the image 
appeared to decrease continuously as the speed increased. Mnally, 
a stage was reached when the field of view was dark— this meant 


W 



Fig. 27*2.- — ^Fizeau^s Apparatus for Determining the Velocity of Light. 


that the time taken for light to travel from F to P and back was 
equal to that in which a tooth moved half the distance between 
consecutive teeth. The speed of the wheel having been measured 
by clockwork, the velocity of light was calculated as follows:— 
Let I be the distance between the two stations, N the number of 
revolutions per second made by the wheel (12*6) when the image 
disappeared entirely; and n the number of teeth on the wheel 
(700). The time taken for the wheel to rotate so that each tooth 


moves into a position just occupiedby one in front of it, is |^,i.e. 


is the time in which light travels through air a distance 2L 
Tim velocity required is therefore % 


2Nn 

This method is open to the objection that it is difficult to decide 
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exactly the instant when the darkness in the field of view is a 
maximnni since the speed of the wheel could be varied between 
rather wide limits without producing any apparent change in the 
field. CoBNU obviated this by using an electrical arrangement 
whereby the speed at any instant could be ascertained. He deter- 
mined the speeds when the image first disappeared and also when 
it reappeared. A mean value was employed in the calculations. 

Foncanlt^s Method. — S, Fig. 27*3 (a) was a rectangular slit 
through which sunlight was passed. A fine wire was stretched 
across this aperture so that any image of it could be located with 
precision. This light was received by an achromatic converging 
lens, L, and the transmitted beam, after reflection at the plane 
ncdrror, M, was brought to a focus on a concave mirror E. The 



Fig. 27*3 (a) — ^Foucault's Apparatus for Determining tlie Velocity of Light. 

distance RM was equal to the radius of curvature of this mirror 
so that the pencil of light incident upon it retraced its former path.^ 
This light was reflected from M and aftet passing through L formed 
an image coincident with the slit. Since it was impossible to 
observe the image under these conditions a plate of parallel glass 
was erected near S at an angle of 45® to the axis of the system. 
A portion of the light reflected from M and incident upon this glass 
wa# reflected from it and produced an image at P. The position 
of this image was observed by a micrometer eye-piece. The plane 
mirror M was capable of very rapid rotation about an axis perpendi- 
cular to the plane of the paper. Let us suppose that at. some 
particular instant, when the mirror was rotating very slowly, it 
was in such a position for the light reflected from it to fall on R, 
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from whence it retraced its path to M. Since the rotation of M 
has been assumed to be very slow this mirror would not have 
changed its position appreciably in the interval required for the 
light to travel from M to E and back. The light reflected from 
M would therefore pass through the lens system and produce an 
image at P. This image would remain as long as light was incident 
upon E. When this condition was no longer true there was no 
image at*P apd the field appeared dark. Thus, as long as the 
speed of rotation was slow, brightness and darkness followed in 
turn at P. When the speed was increased so that the alternations 
occurred more than ten times a second a permanent image remained 
at P owing to the persistence of the visual impression on the retina. 
The brightness of this image would be reduced in the ratio of the % 



arc E to the circumference of the circle of which this was part. 
When, however, the speed of the mirror M was increased so that 
it had moved through a small angle in the interval of time required 
by the light to travel from! M to E and back again the fight reflected 
from M did not retrace its original path but one which, if M rotated 
in a clockwise direction, caused the final image to be formed at 
Pj. Prom the observed shift PP^ and the speed of rotation the 
velocity of fight was calculated as follows. The diverging beam of 
fight falling upon L would converge to a point image at X, !Fig. 
27*3 (6), in the absence of the mirror M. Actually it formed an 
image at E a point on the concave mirror, the two points X and 
E being on a common normal to the mirror M and at equal distances 
from its plane, l.e. X was the image of E. When the mirror 
M was rotated about a verticar axis through N the image of E was 
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at Y, let us say, where X, Y, and B Me on a circle whose centre is 
atN. By joining Y to the centre 0 of the lens L and producing it 
such that CS = CS^ the position of the image was obtained when 
the glass plate was removed. When this plate was present the 
displaced image was at where PPi == SS^. 

Let a == CS, /S == CX, r = NR, c = the velocity of light and ^ 
the displacement when the mirror M made n revolutions per second. 

2r 

Then the time to travel the distance 2NR = — and in this time 

c 

the rotating min’or has turned through an angle 2nn =^2^ 

c c 

radians. Now XR and YR are perpendicular to the two positions 


of the mirror M and therefore XRY ; 


XNY 


: twice the angle of rotation. 

4:7tnr 


XY = 2r 


= angle of rotation ; hence 

Hence 

^nnr^ 


Therefore 

A = PPi 


B„tPP.-SS._j^XY 


^nnr^a 

W+^ 


^Tinr^a 
or c == ; 

A{^ + r) 


Snnm ,.B ^ 


Michelson’s Experiments. — Foucault’s method for determining 
the velocity of light suffers from the fact that the brightness of the 
image decreases as the distance RM increases. Michblson showed 
that, if the lens were placed at a suitable point between M and R, 
the brightness was independent of the distance RM provided that 
a lens of sufficiently long focal length was used. In his first experi- 
ments this distance was augmented to 600 metres and a shift of 
133 mm. obtained. In 1926 Michelson pubMshed an account of 
a new and somewhat modified method. The two stations were 
Mount Wilson and Mount San Antonio in California, their distance 
apart being about 22 miles and the time for Mght to go and return 
about 0*00023 second. He found the velocity to iJe 299796 km. 
per sec. in vacuo with an error of about 1 in 100,000. 


EXAMPLE XXVII 

Describe Foucault’s method for measuring the/ velocity of light in 
air and in water, and discuss the importance of the results he obtained. 








CHAPTER XXVIII 


THE EMISSION AND WAVE THEORIES OF LIGHT 

Newton’s Corpuscular Theory .---According to Newton the 
sensation of light was due to the mechanical impact of swarms of 
small particles emitted by the luminous object observed. He 
assumed that they travelled in straight lines except when they 
approached infinitely close to matter, when their rectilinear paths 
became modified. * The phenomena of reflexion and refraction were 
attributed to the modifications thus introduced. To explain why 
'some particles were reflected while others were refracted, Newton 
assumed that the/ were subject to ‘‘ fits ” of easy reflexion and 
of easy transmission. To explain the phenomenon of reflexion 





//////////////////////}^ //////. 

Fig. 28*1. — Eeflexion and Eefraction of a Light Corpnscie. 

Newton assumed that, if during the time when one of these corpuscles 
was in a ^‘fit of easy teflexion ” it approached very close to the 
interface of two media, the component of its velocity perpendicular 
to the interface began to experience a repulsive action. In con- 
sequence, this component was gradually reduced in magnitude and 
finally reversed. The corpuscle then began to move* away from 
the surface and when this component had completely attained its 
former numerical magnitude it was outside the region of influence 
of the interface. Since the particle was then moving with the 
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component perpendiciila-r to the interface reversed and its horizontal 
component nnohanged it followed that the angle of reflexion mnst 
equal the angle of incidence [of. Fig. 28‘1 (a)]. 

On the other hand, when a particle having a “ fit of easy trans- 
mission ’’ came under the influence of the interface, i.p. nearer to 
the surface than PQ, Fig. 28-1 (6), the nprmal component. of its 
velocity was increased and even after entering the medium this 
component continued to increase until the corpuscle was beyond 
the region of influence of the interface, i.e. beyond RS. It then 
travelled tlirough the medium with its normal component of velocity 
increased but having the same component of velocity parallel to 
the surface. Its resultant velocity was therefore increased. If 
the first and second media are air and glass respectively, say, let 
V^ and Vjy denote the velocities of light in the two media, while 
i and r are the angles of incidence and refraction. Since the com- 
ponents of the two velocities parallel to the surface are identical 
we have 

Yg sin f, 


where pe ls the refractive index of glass. For the two media con- 
sidered ;> 1, so that if this theory is true Vj^> V^. Foucault 
and others have measured the velocity of light in various media 
by placing a rod of the material or a tube containing it, if it were 
a Mquid, between M and R [cf. Fig. 27-3 {a), p. 477]. They found 
that the velocity of light in all material media was less than that 
in air. Hence the corpuscular theory of light cannot be valid. 

Wave Theory and the Principle of Huyghens. — ^In 1690 a 
Dutchman named Huyghens postulated that light was a wave 
motion propagated in the asther, the 
iether being an all-pervading medium in 
which matter exists. This asther was 
originally supposed to possess density and 
elasticity since it acquired kinetic energy’- 
when set in motion and potential energy 
when it was strained. Huyghens assumed 
that the properties of the aether were the 
same in all directions, i.e. it is isotropic. 

To account for the propagation of wave^ 
let us assume that 0, Fig. 28-2, is the 
centre of a spherical disturbance which at the instant considered 
has reached AB. It must be remembered that the disturbance 
is really spread over the surface of a sphere with centre 0 so that 



sin i = 
sin % __ 
sinr ”” 
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AB is merely a portion of the circle which is the intersection of 
the sphere with the plane of the paper. AB is therefore a portion 
of the wave front due to a source at 0. Huyghens imagined that 
each point on a wave front is the centre of a new disturbance known 
as a secondary wave. At a time t after the disturbance has reached 
AB each of these secondary disturbances will have wave-fronts 
extending over spheres of radii V^, where V is the velocity of propaga- 
tion. The resultant wave front will be the envelope of these, i.e. 
it will be represented by A'B'. This is the arc of a circle having 
its centre at 0. 

Newton appreciated all these points in the wave theory, but he 
could not reconcile it with the fact that all waves known to him 
(sound and water waves) could bend round corners, whereas light 
was propagated in straight Hues. We now know that the amount 
of bending depends directly upon the wave-length of the disturbance 
and it is only because the wave-length of light is so smaU that its 
bending round corners is so minute that we are justified in regarding 
the propagation of light as being approximately rectilinear. 
Fresnel showed that the wave theory would account for this 
approximately rectilinear propagation, but his arguments are beyond 
the scope of this book. But let us see how the wave theory accounts 
for the reflexion and refraction of light. 

Reflexion of Plane Waves. — Let CE, Fig. 28*3, be an interface 
between two media, and ABC the trace of a plane wave front striking 
the interface at C. Then a, 6, and c, normals to the wave-front, are 

rays of light.^’ According to the Principle of Huyghens, secondary 
wavelets are immediately formed when the wave-front reaches CE 



Pia. 28'3. — ^Reflexion of Plane Waves at a Plane Surface. 


so that every point in CE becomes in turn the centre of a secondary 
disturbance sent back into the first medium. The first point in 
CE to send out such waves is C while- the last is E When the 
disturbance reaches E the secondary wavelet from C will have 
moved forward a distance Vt where V is the velocity m the first 
medium andi the interval of time between the arrival of the incident 
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wave at C and E respectively. From E draw EK a tangent to the 
wavelet from 0. We have to show that this tangent is the reflected 
wave front. The right-angled triangles ACE and KCE are con- 
gruent, for CE is common to both, and AE = CK since each is 
equal to Vf. Now in the absence of the interface CE the wave- 
front ABC would have reached the position E6H in time t Hence 
the Zl ’s ACE and CEH are congruent. Also the ray b which meets 
the surface at E would similarly have arrived at G, EG being 
perpendicular to EGH. Through E draw ED normal to EE to 
meet it in D, The Zl’s EDE and EGE are congruent, for EE is 

common to both and DEE = GEE, since each is equal to ACE; 
Hence ED = EG. But the radius of the secondary wave from 
E is EG ; thus, the disturbance from E touches the line EK at 

' /X'"' - 

D. By definition, ACE is the angle of incidence, and GEE the 
angle of reflexion, and from the above it follows that these are equal. 

Reflexion of Spherical Waves at a Plane Surface.— Let 
0, Eig. 28*4, be a source of spherical waves situated in front of a 
plane miiTor represented by CD. Consider a spherical wave which 
in the absence of the mirror would have attained a position AEB. 
This wave actually touches the mirror first at P where OP is normal 



to CD. By the time it has reached C and D, so that these are 
just becoming the centres of two secondary disturbances sent back 
into the first medium, the secondary wave from P will have a radius 
PE and the secondary disturbance from another point R will have 
a radius RS where RS = RT, T being the intersection of OR 
produced and the arc AEB. It is clear that the envelope of all 
these secondary distmbances^^ which is the reflected wave front. 
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•will be the arc of a circle identical with the arc CEB, for this arc 
may be considered as the envelope of circles having their centres 
on CD and radii equal to the distance of their centres from the 
arc fneasured along the normals through their centres to the arc. 
The centre of the reflected wave-front is I where IE = EO, i.e. 
IP = OP. 


Lemm.!. The curvature of a small circular arc : Let AOB, 
Eig. 29*8 (6) [p. 498], be a small arc of a circle whose radius is 
r. Let M be the mid-point of the chord AB. Then OM is 
termed the sagitta of the arc AOB. It is well known that AM® == 

AM® 

OM , MB. When OMis small, MB becomes 2r, so that OM = 

angle 


Since the curvature of a circular arc is defined as the ratio 


arc 


and this is~, it follows’ that the sagitta OM is directly proportional 
to the curvature of the arc AOB. 


Reflexion of a Spherical Wave at a Spherical Surface.— 
Let 0, Fig. 28*5, be a point source of waves, and APB the 
section of a concave mirror whose centre is C. A spherical 
wave AQB diverging from 0 first meets the mirror at A and 
B. By the time Q comes into contact with the mirror the 
secondary waves from A and B have extended so that their radii 



Fia. 28*5. — Reflexion of a Spherical 
Wave at a Spherical Surface. 


chords of the corresponding arcs 


are equal to PQ. Through 
A and B draw AK and BL 
parallel to PC. When the arc 
AB is small AK will be equal 
to PQ and the reflected wave 
will be represented by the cir- 
cular arc KPL. Through A 
and K di‘aw AM and KN per- 
pendicular to CP. Then the 
curvatures of the incident 
wave, the mirror, and the re- 
flected wave are proportional 
to the sagittsa QM, PM, and 
PJ^ respectively since the 
•e equal. Now 


PN PM +. MN := PM + PQ = 2PM - QM, or PN + QM = 2PM, 
i.e. the curvature of the reflected wave plus that of the iucident 
wave is twice that of the mirror. If PI == v, PO = u, and PC = r, 
the above equation may be written 
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Fia. 28'6.— Refraotioa of Plane Waves 
at a Plane Surface. 


Refraction at a Plane Surface.— A plane wave incident upon 
the interface between two media X and Y is represented by ABO 
in Fig. 28*6. Lot the velocities in the two media be V^. and Yy 
respectively. The disturbance in Y first originates at 0. Suppose 
that in time t the portion of the incident wave front represented 
by A has arrived at Ej so that t seconds after the disturbance com- 
menced at C it is just beginning 
at E. The wave front in the 
second medium will therefore 
be KDE : in the absence of 
this medium it would have 
been at EGH. To determine 
KDE we draw the tangent from 
E to the circle whose centre 
is Oand radius This tan- 
gent will represent the refracted 
wave front at the time t if 

it can he proved that all the secondary wavelets touch it at this 
particular instant. Consider the secondary disturbance from any 
point F in CE and draw FD normal to EK. Then 

CH V; 

FD_3re 
CK ““ CH 

;'FG~~V/ 

Consequently FD is the radius of the wavelet from F since FG 
would be the radius of the wavelet from the same point if the 
medium X were present everywhere. 

To prove Snell’s law of refraction we note that the ACE and the GEK 
are equal to the angles of incidence and refraction respectively. 
Hence 

Bbxi OE AE 


But 


sm r 


CK 

CE 


CK 




This shows that the refractive index of one medium with respect 
to another is the ratio of the velocities of light in the two media. 
For ail media having a refractive index greater than unity it there- 
fore follows that the velocity of light in them must be less than 
in vacuo. This is in accord with experiment and thereby furnishes 
strong evidence in favour of the wave theory as against the 
corpuscular theory. 
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Refraction of Spherical Waves at a Spherical Snrface.--^ 
AQB, Pig, 28-7, is the trace of a spherical wave diverging from 0 

in air in the absence of a 
concave surface APB, In 
the presence of the sur- 
face the refracted wave 
front corresponding to 
AQB is ARB, the point R 
being determined by the 
relation PQ = /^PR, since 
PQ and PR are the dis- 
tances through which the 
disturbances advance in 
air and in the medium in 

. PQ PR 
equal times, i.e. -^ = 

y I V a 
where Vj and Va are the 
velocities in air and the 
V, 



Fig. 28*7, — Refraction of a Spherical Wave 
at a Spherical Surface. 


since 


When A 


medium respectively, or PQ ==: juPB, 

and B are close to the principal axis of the surface ARB becomes 
the arc of a circle. Since AN is the common semi-chord to each 
of the arcs concerned, the curvatures of the mirror, incident wave, 
and refracted wave are proportional to PN, QN, and RN respec- 
tively. 

Now since PQ = /:fPR, we have 

QN -- PN = ^(RN - PN), 

u r ^\y rj 

. a 1 n-1 
■i^e. = ^ . 

V u r 

Refraction by a Lens. — ^Let 0, Pig. 28*8, be a point source of 
light situated on the principal axis of a converging lens. Then a 
wave-front, occupying the position CLD in the absence of the lens, 
will have its central portions retarded so that CMD (full line) is the 
actual wave-front in the lens. The wave-front emerging from the 
lens will have its central portions stOl further retarded with respect to 
its outer onfes. Let us assume that the wave-front on first emerging 
has the form HBK, which is the arc of a circle when the distance 
AB is small. Let I be the point to which the emergent waves 
converge, [There are cases in which I is on the same side of the 
lens as 0—the emergent waves then diverge froni this point and 
the image is virtual.] With centre I and radius IC describe an arc 
to cut the axis in N. Then the time for the disturbance to travel 
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in air from 0 to I via 0 must be equal to tbe time required for it 
to travel from 0 to I via A and B, i.e. partly in air and partly in 



Fio. 28*8. — Kefraction through a Lens. 


glass. Let V„ and V, be the velocities of light in the two media. 
Then 


a- ^ - 2 :^ -L ^ 4. 1 ? 
Va“ V„ V, + v; 


i.e. OC + OI = OA + jmAB + BI, 

OL + NI = OA + fiAB + BI 
AL + NB = jmAB. 

= ^(AP + PB) 

where CPD is normal to 01, 

i.e. (LP + PA) + (NP + BP) = ^ (AP + PB). 

Consequently, 

i„.i I I,- [ ^ I..I i t — r\ \ ^ 


r+r+n=^ 

.R + W 

1.1 . , r 

1 11 


R + NJ 


Introducing the usual convention for signs, we have, 


V u Lfi r* 


EXAMPLES XXVIII 


1. — What are the principal characteristics of wave motion t By con- 
sidering the refraction of a plane wave at a plane surface, show how 
the laws of refraction of light can he explained on the wave theory. 

2. — "Describe an experiment to show that light consists of waves. 
What are the essential diferences between sound and light waves ? 


I'ji. »: 
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the surface. At any instant these waves may have crests repre- 
sented by the thick line circles, and troughs by the others. If a 
second style is attached to the same prong and touches the mercury 
at B, a crest will originate at B simultaneously with one at A. 
The crests and troughs forming this second train are also indicated. 
At points, such as L, where a crest of one train coincides with a 
crest from the other the resulting displacement will be a maximum, 
while at points such as M where a crest of one train meets a trough 
in the other the resultant displacement wiU be zero. Also at N, 
and other similar positions, where trough meets trough, the dis- 
placement will be a maximum, only in a direction opposite to that 
at L. The two wave trains are said, to have interfered at the points 
where the disturbance is zero and a stationary pattern will have been 
produced on the mercuiy surface. 

If light consists of waves it should be possible to obtain interfer- 
ence patterns if two sources emitting waves of the same wave-length 
and in the same phase can be procured. Now every attempt to 
obtain interference with two different light sources, even though 
they are monochromati<?, must necessarily fail, since the light 
vibrations from any source undergo rapid and abrupt changes in 
phase. To obtain permanent interference patterns the two sources 
must be either a real source and its image or else two images of the 
same source, for then any change of phase in the real source wiU 
cause a simultaneous and equal change in its image. The rays 
from such sources are said to be coherent. 

Fx'esnel’s Biprism. — DEF, Fig. 29*2 (a), is a section of a glass 
prism having a very obtuse angle at D, the section being cut normal 
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Fia. 29-2.-.The Biprism. 
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to the base of the prism. 0 is a source of monochromatic light 
placed so that OD produced is normal to the base EF. An eye 
placed near to the axis OI> and on the side of the prism remote 
from 0 will see two images, one produced by the light waves in- 
cident upon DE and refracted by the prism, and the other by waves 
refracted by the lower half of the prism after incidence upon DF, 
In the region DXY two coherent beams overlap so that here it is 
possible to obtain interference fringes. No interference fringes are 
formed elsewhere. To determine whether or not a dark or a bright 
fringe shall appear at P, Fig. 29*2 (6), a point an the screen 
placed normal to the axis of the system and in the region DXY 
at distance a; from the axis 00, we have that darkness will prevail 
there if the paths AP and BP differ by an odd number of half 

wave-lengths, i.e. by where n is an integer and A is 

the wave-length of the light. Draw BN perpendicular to AP. 
Then ' 

AP ““ BP = AN [since AB is small] 

But by similar triangles ABN and OPC, 

CP_OT 

AB“*“OP““OC^ 


since CP is small, i.e. AN ^ 


xd 


where d is the distance be- 


{a + by 

tween A and B, and a and b are the distances of the source (and to a 
first approximation the images) and plane from the biprism respect- 
ively. A dark fringe will therefore be formed at P if 

xd 




Similarly there will be a bright fringe at P if 


xd 

(« + b) 


nX. 


These equations show that the distances between the fringes are 
X 

ail equal to {a + 6)-^, m so far as it is justifiable to equate AP — BP 

and AN, i.e. wMle x is small compared with (a + 6). 

This system of fringes can be observed in a microscope focused 
on the plane SiSg. In addition to the true interference fringes 
which are equidistant, another set of fringes will be seen superposed 
on them. These are easily distinguished, however, for their distance 
apart is not constant. They are diffraction fringes. 

In actual practice the source of light is a very narrow slit parallel 
to the refracting edge of the prism If the slit is widened or 
rotated about a horizontal axis, the fringes disappear. 
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The Diffraction GratiBg.^ — ^A diffraction grating consists of a 
large number of equidistant and parallel lines ruled on a plate qf 
glass or of speculum metal. For some purposes it is advantageous 
to have the surface concave and part of a cylinder, but the only 
type we shall consider is that in which the surface is plane. The 
dark short lines shown in Fig. 29*3, represent the opaque portions 
of a grating. Let us consider a system of parallel rays, OA being 
one of them, incident upon the grating. Let us further assume 
that after refraction at the front surface of the glass the ray OA 
meets B, a point at the extremity of one of the rulings on the 
grating. A secondary wavelet originates at B. Similarly wavelets 
proceed from the points E, G, H, etc. 

From A and B draw AC and BF normal to the incident and dif- 



fracted rays PD and EN respectively. At A and C the phases of the 
incident waves are the same. At B and F any difference in phase 
will be due to the different times for the disturbances to be pro- 
pagated via the paths AB and CDEF. This difference of time is 
CD DE EF AB CD + EF 

Y + Y + Y ^ 

^ a ^ g V a ^ a 

since DE = AB, where and Yg are the velocities of light in air 
and glass respectively. The difference in path is therefore 
CD -h EF. Now any difference in phase existing at B and F will 
stiB exist at K since the time for the disturbances to travel from 
B and F to K is independent of the actual path taken. We therefore 
see that the two waves vdll reinforce each other at K if the path 
difference CD + EF is an even number of half wave-lengths, i.e. if 

• ■ GDH-;EF = ?%i'==«;t 

2 '■ 
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where n is an integer and X the waye-Iength of the incident radiation. 
But CD + EF = AD sin f + BE sin B = {a + 6) (sin ^ + sin B), 
where ((3^ + ^) = BE, the sum of the widths of the grating aperture 

and a space : it is equal to ^ where N is the number of lines per 

unit length on the grating. Hence for reinforcement 
(a -j- b)(Bm i + sind) = nL 

In general it is usual to arrange the grating nomal to the incident 
rays when sin i becomes zero, and we have 
(a 4- B) sin 0 == nX. 

If w = 1, the lines in the spectrum produced with the aid of a 
difiraction grating, are said to form a ‘‘first order spectrum : 
w =5 2, corresponds to a “second order spectrum/’ 

The Visual Examination of a Spectrum Produced by means 
of a Diffracting Grating typical aixangement is shown in 
Fig. 294. The slit S, illuminated by the light whose spectrum is 



required, lies at the first focus of a converging lens, Li, and the 
grating, G, is arranged so that the parallel beam of light emerging 
from Li falls normally on the grating. Corresponding to each 
wave-length in the incident light there is a system of diffracted 
beams — one in each order. Here we shall only consider the first 
order. Such a beam is shown in the diagram, and it is brought 
to a focus at F, the second focus of the converging lens L^. The 
difiracted image at F is examined visually by a lens L* arranged 
so that a beam of parallel light enters the eye. 

[An identical spectrum appears on the other side of the axis of 
the collimator.] 

The remarks made above with reference to the difiracted rays 
from the pair of points B and E apply equally well to any such 
pair so that the above equations apply to the grating as a whole. 

To measure the wave-length of some monochromatic light the 
grating is mounted on a spectrometer table normal to the light 
from the collimator, and the telescope having been focused for 
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parallel light is turned to ¥iew the first diffracted image, correspond- 
ing to Actually there will he two such images at equal 

angles on opposite sides of the normal to the grating. The angle 
between them is measured— it is 20, Knowing the number of 
lines per unit length of the grating the above formula enables X 
to be calculated. 

The second order spectrum is then looked for, but it may be 
too faint for purposes of accprate observation. If it can be located 
A may again be calculated using 92 . = 2. 

If the grating is iHuminated with white light a continuous spec- 
trum will be obtained, but it may not be so pure as that obtained 
with prisms on account of the overlapping of spectra of different 
orders. 

The Localization (Situatioii) of Interference Fringes. — ^Let S, 
Fig. 29*5 (a), be a point source of monochromatic light of wave- 
length A, and let I be an apparatus — a so-called interferometer — -for 
producing a path difference between coherent rays of light. Let P 
be a point in the space where interference may occur. Consider the 
two rays SACP and SBDP. Let A be the difference in optical path 

A 

between these two rays. If A is an odd multiple of ^ darkness will 

A 

result at P ; brightness occurs when A is an even multiple of -g. Now 

when S and P are fi;xed, A is completely determined. If, therefore, 
a screen is held in the neighbourhood of P, the illumination on the 
screen will vary from point to point, darkness and brightness alter- 
nating. Such fringes are obtained wherever the screen is held, pro- 
viding, of course, it is in the path of the interfering beams ; such 
fringes are said to be non-locatixed. 

Extended Source: Localized Fringes, — Suppose now that S 
Fig, 29*5 (6), is an extended source of monochromatic light, i.e. it is 






a region containing many point sources. It will be found that inter- 
ference fringes are to be seen only in defiGoitely located positions — 
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such fringes are said to be localized. Let SACP and SBDP be two 
coherent rays meeting at P and suppose that the eye is focused on P. 
The pupil subtends an appreciable angle at P : it therefore receives 
from P not only the above rays (in reality they are so near together 
that if drawn to scale they would coincide) but a conical pencil made 
up of similar pairs of rays coming to P from adjacent parts of the 
source via adjacent parts of the interferometer. In general, the value 
of d for each such pair will be different and the illumination at P, 
winch is due to all the light reaching the eye from that point, will 
neither be a maximum nor a minimum. The same applies to other 
points near P, so that the illumination is uniform and no fringes are 
visible. It may be shown, however, that the rate at which d varies 
with the inclination of the rays passing through a given point is not 
the same at all distances from the interferometer, and at certain 
distances it has a minimum value. In this region fringes will be 
observed if the cone of rays utilized from each point of the field is 
not too wide. [Fringes may be seen which caimot be photographed 
on account of the wider angle of the cone of light received by a camera 
lens.] 

Interference Fringes obtained with Thin Parallel Plates in 
Monochromatic Light, — Consider a ray of monochromatic light, 

OA, Fig. 29*6, incident 
at an angle a upon the 
upper surface of a thin 
parallel plate of thick- 
ness, t (a film of air 
enclosed between two 
parallel glass surfaces is 
a “ plate ” in so far as 
this discussion is con- 
cerned, although we 
shall, for the sake of 
being definite, consider 
a plate of, say, glass). 
This gives rise to a re- 
s. fiected ray, AH and a 
refracted ray , AB, which 
is reflected at the rear 
surface of the film* — 
there is also a refracted 
ray proceeding from this point, but it does not concern us here. At 
C there is produced a reflected ray, CD, and a ray, CK, emerging 
from the film in a direction parallel to AH. Similarly, other reflected 
and refracted rays are produced. 

By considering any two adjacent rays of the system of parallel 
rays emerging ff om the plate it may be shown that there is a constant 
path difference between them- Let us select the rays AH, OK. Here 
it must be emphasized that the intensity of the pattern formed on the 
retina of the eye receiving the rays would involve a discussion of all 
the light rays reflected from the surface of the film and entering the 
eye, but their effect will hot greatly modify the result obtained by 
considering only two rays, since the intensity of the rays neglected 
is much less than that of the rays AH and OK. 

Let CX and CY be drawn normal to AH and AB respectively. Con- • 
sider the difference in time required for the light to reach the retina 



Fig. 


29-6. — Interference Fringes with a thin 
parallel plate (reflected light). 
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when it travels along OAHR and OABCKB.. The time of travel along 
OA may be neglected since it is common to each ray ; also the times 
from X'to R and C to R, since they are equal — a fundamental property 
of any lens system. Let % and be the velocities of light in air 
and in the medimn of the plate. Let A be the wave-length of the 
light, this being measured in air. 

AX ■ 

The time for the light to travel from A to X is 

Va 

A . ^ . T. . AB f BC 
„ „ „ „ A to C via B IS — . 

the second ray is apparently delayed by an amount 

AB + BC AX 

Vm Va 

AX AY 

But = , since the time of travel from A to X is equal to 

Va ^jn 

that from A to Y [cf. p. 485]. 

. AY -f YB + BC AX 
Apparent time difference is — — — — 

YB + BC _ cos p 

tJjn Vjn 

where ^ is the angle of incidence on the lower face. 

The above time difference is equivalent to a path difference measured 
in air of an amoun t 

2t cos 8 

. Va = 2/ii cos p. 

Vfn, 

The word “apparent” has been inserted in the above argument 
since an important correction has to be made. The electromagnetic 
theory of light establishes the fact that when light is reflected at a 
medium-air interface there is no change in phase : when the reflexion 
occurs at an air-medium interface a phase difference of equivalent 
to a path difference of JA, A being the wave-length in air, is intro- 
duced. This fact has been established experimentally [cf. the corre- 
sponding instance in acoustics, p. 534]. In the present instance this 
change in phase occurs at A . Hence the effective time of transit from the 
arrival of the disturbance at A until it reaches X is 

AX + P 


The effective path difference is therefore 

r A Y -f YB 4- BC AX jA -j 

L tJm J 


5= cos ^ 


^ (say). 


For darkness to result at B, the above expression must be equal 

' A ' 

to {2n — 1)- , where n is a positive integer including zero, i.e. 

2 fit cos p == nA. 

Similarly, the rays will reinforce one another if 
tfitcos^ == (n + i)A. 
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The light transmitted through the plate will also exhibit interference 
effects, in fact, the system of fringes will be such that where the in- 
tensity is a minimum in one, it is a maximum in the other. The 
intensity of the bright fringes will be the same in each instance, if 
no absorption occurs in the plate, but the minima in the transnaitted 
light are never well defined since the light refiected back into the 
plate is only a small fraction of that which is transmitted. A calcu- 
lation of the retardation with transmitted light is instructive and will 
therefore be given. 

Fig. 29*7 indicates the formation of the rays of light to be con- 
sidered. As before, we limit our discussion to two rays, viz. BK and 



Fig. 29*7. — Interference Fringes with a thin parallel plate (refracted light). 

BCDL. The difference in time of travel from 0 to S by the paths in- 
dicated is 

AB -f BG + CD _ ^BX\ _ BY + YC + GP _ BX ^ YC 4- CD 

The path difference measured in air is therefore 
YC +CD 

. Va = COS 

This path difference is the true path difference since there is no 
change of phase when a reflexion occurs at a medium-aii* interface. 
Hence, for darkness, 

2jLtt 008 p (n + i)A 

and for brightness 

cos ~ nA, 

The Necessity for a Broad Source. — Suppose a very thin soap 
filmis made and sodium light, for example, from a point source reflected 
from it. Fringes only appear across the image of the source. If a 
broad source of light such is used, the whole film appears to be crossed 
by interference fringes. Since these fringes do not move relatively 
to the film when the eye of the observer moves, they must be located 
in the film. It may be shown that the fringes are formed at infinity 
when parallel light is used and that the &inges are then circular. 
The subject is, however, too difficult for us to discuss further. 
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The Colours of Thin Films. — Sufficiently tMn jBlms of trans- 
parent substances exhibit brilliant colours when examined in white 
light. Such colours are to be seen in soap bubbles, in thin oil films 
resting on a surface of water, and in the thin oxide layers coating 
various metals. It has been shown above how interference effects 
may be obtained with thin films when monochromatic light is used 
to view them. With white light, when the condition for a minimiim 
intensity is satisfied for one colour, it is not satisfied for others and 
if one colour is removed from white light the complementary colour 
appears. 

Newton’s Rings. — ^A thin film of air of slowly varying thick- 
ness is produced when a converging lens whose surfaces have large 
radii of curvature is placed on a flat surface [cf. Fig. 29-8 (a)]. 
If the point of contact is viewed in white light it will be seen 
surrounded by coloured rings. These were first observed by 
Hooioi in 1665 and their radii measured by Newton: Young 
gave the first satisfactory explanation of them. The coloured 
rings are due to interference eflfects between light waves reflected 
at the upper and lower surfaces of the air film between the lens 
and plate. If monochromatic light is used many more rings are 
observed. Let us calculate the condition for the intensity to be 
a maximum or a minimum when the rings are viewed by reflected 
light. 

We shall assume that there is good optical contact between the 
lower surface of the lens and the plate, and that the light falls 
normally on the plate — this latter condition is true only if r is 
large and the**" jBringes limited to the region close to the point of 
contact of the surfaces. If r is the radius of curvature of the 
spherical surface, p that of a ring, and PN the thickness of the 
air film, then 

r 

for if we imagine the circle to be completed as in Fig. 29-8 (6), then 

PN = 00 

where OC is termed the sagitta of the arc QOP, and OC is given by 
OC.CD = CP2. 

But CD == 2r, so that the above formula ensues at once. 

[It must be remembered that the formula for PN is only 
true if the curved surface actually touches the flat one: in 
practice, this may be prevented by dust, and the surfaces are 
distorted if each exerts a force upon the other. Experimentally, 
we shall see how this difficulty is avoided, by using a difference 
method.] ^ 

Let us calculate the time for a light disturbance to travel from 
X, Fig. 29*8 (c) — a point in the lens— to P and back to X ; also 
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via P to N and back again to X. It must be remembered that 
when light is reflected at a medium-ak interface there is no change 
in phase introduced : when the reflexion occurs at an air-medium 


interface a phase retardation 


2 . . 

of ~ is introduced. 

' A ■ 


In the present 


instance this latter type of reflexion occurs at N and the time for 
the disturbance to travel via N is increased by JT, where T is the 
period of vibration. In effect, the path via N has been increased 
by p. 

If®, is the velocity in air, the velocity in the material of 



I 




Fig. 29*8. — Newton’s Rings. 


the lens, then the time of transit from P and back to P by a path 
wholly within the lens is 

XP+PX 

For the path XPNPX, it is 

a.pisr , T , XP + PX 

The time difference is therefore 

2PN , ' T 
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For darkness, this must be equivalent to a path difference {n + |)yl, 
where n is a positive integer including zero, i.e. 

2PN = nA or ^ = nX. 

r 

The centre of the system (7^ == 0) is therefore black. 

If Pi is the radius of the smallest dark ring (not the centre itself) 

pfi f> >1 99 99 

n 2 — n a 

=(«-l)A 


• 1 ^ Pn—Pi _ An^-~Ax* 

" (»- l)r 4(»-- l)r 

where is the diameter of the %th dark ring. 

For brightness, the above time difference must be tiT, where 
n is an integer not including zero, i.e. 


2PN 

Va 


(2n - 1)5 


or 




Newton’s Rings by Transmitted Light. — ^When the rings 
are viewed by transmitted light, the system of fringes is comple- 
mentary to that formed by reflected light. It must be remembered, 
however, that in the rings formed by 1p:ansmitted light, the intensity 
of the ray passing through without reflexion is much greater than 
that which suffers two reflexions — in fact, its intensity is almost 
equal to that of the incident light, i.e. the amplitudes of the inter- 
fering wave trains are not equal and the minima are therefore 
not completely dark. 

The above means that the transmitted rings are much more 
indistinct than the rings obtained by reflected light. In the form- 
ation of these last-mentioned rings, there is interference between 
two rays each of which has undergone reflexion at one of the 
boxmdaries of the film : in consequence, they have the same ampli- 
tude and the minima are completely dark. 

The experimental arrangement for viewing Newton’s rings is 
indicated in Fig. 29-8 (d). A circular opening, S,in a metal screen 
is illuminated with sodium light ^ and a converging lens Li is 
placed so that S is at its focus. This position of the lens may be 
found with the aid of a plane mirror as in the experimental 
determination of the focal length of a converging lens. The paraEel 
beam of light produced by is reflected from a thin microscope 
cover glass M on to the lens L,. A microscope, A, previously 


^ This is readily obtained by heating a mixture of common salt and borax 
on the end of a gas-mantle support. A lid from a small tin is fitted over 
the top of the burner to prevent any of the molten mixture from falling on 
the bench"— see' slcetoh. ' 
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adjusted so that the upper sxirface of the glass plate G is in focus 
[or rather some small scratch on the surface is in focus], is moved 
until the rings are seen. With the arrangement here described it 
is a little difficult to find the rings. They may be found more 
readily by using an extended flame as the source, i.e. remove S 
and Ifj. This source should be as near as is convenient to M. 
The rings are very brilliant under these conditions and the glass 
M is adjusted until an eye E vertically above the point of contact 
of Lg and G sees an image of the flame. The microscope is, of 
course, removed during this procedure. Under these conditions 
the rings will also be seen and the microscope may be brought into 
position. If the rings are measured under these circumstances 
the error due to the fact that the light is not parallel is, in general, 
negligible, since the rings occupy only a small area around the point 
of contact so that the rays producing them may be regarded as 
being almost parallel. If it is essential to measure the rings using 
light which is strictly parallel the aperture S and lens may be 
introduced after the rings have been found. T]|ey will still be in 
the field of view, only very much reduced in brilliancy. 

To avoid locating the position of the centre of the system of 
rings, and some of the difficulties mentioned above, it is better to 
measxire the diameters of the rings. If and are the 
diameters of two bright rings 

= 4 [(2m - 1)^ - (2n - 1)^] 

= 4(m ~ n)Xr. 

Deduce the value of X from observations on the 10th and 5th, 
9th and 4th rings, etc. 

In the above treatment we have neglected the fact that the rings 
which are formed in the air film are examined after refraction 
through the lens L*, but if this lens is thin the error thus introduced 
is very small. ^ 

EXAMPLES XXIX 

1. — ^Interference bands are produced by a Fresnel’s biprism in the 
focal plane of a microscope. This plane is 100 cm. from the sHt. A 
converging lens placed between the bxprism and the microscope gives 
two distinct images of the slit in two positions. These images are 
2*86 and 4*13 mm. apart in the two instances. If the mean distance 
between the interference fringes is 0T002 cm., what is the wave-length 
of the light used ? 

2. — ^Explain the production of the fringes which may be seen in a 
soap fito formed on a vertical wire frame. If the fringes seen with 
transmitted sodium light are 6 mm. apart, what is the angle between 
the surfaces of the film t 

|> 1-33, Ad «« 6 89 X 10”« om.].-— (L. *26.) 
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3. — Describe in detail a method of producing interference fringes 
and show how it may be applied to determine the wave-length of the 
light transmitted by a piece of red glass. 

4 . — slightly convex lens is placed on a plane glass plate. Account 
for the formation of the rings seen round the point of contact when it 
is looked at normally. How would you use such an arrangement to 
prove that the wave-length of red light is greater than that of blue 
light ? 

5. — Describe and give the theory of an accurate method of deter- 
mining the wave-length of sodium light. 

6. — A convex surface of known radius of curvature is placed in 
contact with a plane surface. Derive an expression for the radius of 
a ring as seen by reflected light in terms of the angle between the two 
reflecting surfaces at the points in question. 

7. — In an experiment with Newton’s rings, using reflected light, the 
diameters of two consecutive rings are 2 cm. and 2*02 cm. ; what is 
the radius of curvature of the lens surface in contact with the plane 
glass ? [A for light used = 5897A.] 

8. — ^A plane diffraction grating has a constant 1*79 x 10“* cm. 
First and second order spectra are found when the angles of diffraction 
are 18° 40' and 39° 48' respectively when monochromatic light is incident 
normally on the grating. Calculate the wave-length of the lighk 


CHAPTER XXX 
POLARIZED LIGHT 

Introductory. — ^In developing the wave theory of light in the 
previous chapters no stipulation as to the nature of the waves has 
been made. Moreover, it has always been assumed that ail light 
behaves in the same way under the same circumstances. For 
example, if a surface reflects light, it will always reflect it. It will 
now be shown, however, that there are certain rays of light possessing 
a two-sidedness so that a water or other surface may refuse to reflect 
them at a certain angle of incidence. Such light is said to be 
polarized. The only type of polarized light we shall discuss is 
that in which the vibrations occur in parallel planes— it is termed 
plane polarized light. The study of such light is important 
because it helps us to decide whether or not light consists of longi- 
tudinal or transverse vibrations in the sether. 

Let us first consider an analogy. If a wire spring about 6 ft. in 
length [such as is used for hanging curtains] is stretched slightly and 
passed through a narrow slit the following experiment may be per- 
formed : — ^When the spring is plucked by displacing it parallel to 
the length of the slit the disturbance set up passes through the slit. 
If it is plucked in a direction at right angles to the slit the disturb- 
ance fails to pass through it. On the other hand, a longitudinal 
disturbance excited in the spring always passes through the slit 
irrespective of the orientation of the slit with respect to the spring. 

Returning to the optical problem, a section of a tourmaline 
crystal of the shape shown in Fig, 30-1 {a) is obtained. Such a section 
is said to be cut parallel to the crystallographic axis AB. All 
crystals possess certain axes to which their shape and other pro- 
perties may be referred in the simplest possible manner. These 
axes are termed the crystallographic axes, but the student must be 
careful not to regard them as fixed positions in a crystal. They are 
merely directions, and any line parallel to a crystallographic axis 
is an identically equivalent axis in all respects. If a sheet of white 
paper is viewed through such a tourmaline slice more than 1 mm. 
thick the emergent light vnll be tinged ^green owing to selective 
absorption in the crystal, but the intensity of the transmitted light 

502 


POLARIZED LIGHT 50B 


will not be affected when the crystal is rotated about an axis normal 
to the face of the crystal receiving the light. If a second similar 
crystal is held so that the crystallographic axes of the two crystals 
are parallel, no appreciable difference in the light transmitted by 
them will be noticed. On rotating the second [or first] crystal as 
previously the intensity of this light will gradually diminish until 
when the axes of the crystals are mutually perpendicular no light is 
transmitted. The two crystals are said to be crossed. Fig. 30*1 
(b ) illustrates this complete extinction of light by crossed tourmalines. 
This experiment may be explained if we assume that the light 
transmitted by such a slice of a tourmaline crystal has become 
plane polarized, for such light can only be transmitted by the second 
crystal when their axes are similarly orientated. From the analogy 
given above it is clear that light waves must be transverse and not 
longitudinal. 

A 

3 




(a) 




Fio. 30*1. 



Now although we have proved that light consists of a transverse 
motion in the jether and that plane polarized light is obtained when 
these vibrations are in one plane we do not know definitely the plane 
in whicii^'they occur. Some writers have assumed that the vibra- 
tions are parallel to the crystallographic axis, and others that they 
are in a direction normal to this. The electromagnetic theory of 
light teaches us that something is probably going on in each of these 
planes, but for our present purpose we shall assume that in the plane 
polarized light transmitted through a tourmaline crystal the vibra- 
tions are in a plane containing the crystallographic axis. A plane at 
right angles to this is called the plane of polarization — ^see Fig. 
30*1 (c). 

The above peculiar property of tourmaline is due to the fact 
that when a ray of light is incident normally on the face of the 
crystal it divides into two rays, one polarized in the plane con- 
taining the axis AB and the other in a plane perpendicular to 
the above. The former of these is absorbed while the latter is 
permitted to pass, i.e, light in which the vibrations are parallel 


504 OPTICS 

to the crystaUograplijc axis AB emerges jfrom the tourmalme 
plate. 

Polarization by Reflexion. — and N, Pig. 30*2, are two pieces 
of plate glass which can be rotated about horizontal axes, the lower 
one N, in addition, being capable of rotation about a vertical axis. 
Light from an arc lamp passes through a small aperture S placed 
at the principal focus of a converging lens L so that a parallel beam 
of light falls on M. The direction of this beam of light and the tilt 
of M are arranged so that the angle of incidence is 55®, and that the 

reflected beam passes ver- 
tically downwards on to N, 
This second mirror is par- 
allel toM so that it receives 
light at an angle of incidence 
equal to 55®. A circular 
patch of light will be seen 
on a cylindrical translucent 
screen placed round N. 
When N is rotated round a 
vertical axis the intensity 
of the reflected light falls 
gradually to zero when the 
rotation has amounted to 
90®. On continuing the 
rotation in the same direc- 
tion the intensity will be- 
come a maximum when the 
rotation is 180®, fall to zero 
at 270®, and finally be a 
maximum again when a 
complete rotation has been 
If N is rotated 

Fig. 30 - 2 .— Polarization by Reflexion. rapidly a ring of light 

with two maxima will be 
produced on the screen. This can be explained if the light 
reflected from a glass surface at an angle of 55® is plane 
polarized. 

Brewster’s Law. — ^When light is incident at an angle other than 
55® the light reflected from the lower mirror is never reduced to 
zero although there are variations in intensity. From a series of 
experiments made with different reflectors, Bbewste;r discovered 
that complete extinction occurred when the reflected ray was 
normal to the refracted ray . The particular angle of the incidence 
when extinction is possible is termed the angle of polarization or 
polarizing angle. K OA, OB, and OC, Pig. 30*3, are the incident 
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reflected, and refracted rays 
e<][iial to the angle of polariz- 
ation, Brewster^s law states 
that 

BOC=:|Le. {a + ^) = J 
Bnt 

sin a sin a 

^ sin jS 


: tan a. 


cos a 

Since p, depends upon the 
colour of the light it follows 
that complete polarization in 
the reflected ray is only 
obtained with monochro- 
matic light. 



Fio. 30*3. — Brewster’s Law. 


Double Refraction. — Eeasmtjs Babtholinus, a native of 
Denmark, first drew attention to some remarkable properties of 
Iceland spar or calcite (CaCOs). The same phenomena may be 
observed in all crystals except those belonging to the cubic system. 
A crystal of calcite is bounded by six rhombohedral faces termed the 
cleavage faces of the crystal. They are so called because they 
represent directions in the crystal along which it can most easily 
be split. If such a rhomb is placed over a small blot of ink on white 
paper two images will be seen. Crystals of calcite are said to 
exhibit double refraction, Hitygheks made a careful study of 
these rays and found that on© of them obeyed Snell’s law of refrac- 
tion. He termed this the ordinary ray ; the other did not obey 
this law and he termed it the extraordinary ray. 

Let S, Fig. 304, be a small luminous object lying on the normal 
SN to a rhomb of Iceland spar (calcite). Let AjSAj be a small 
pencil of rays from S. At Aj the ray SAj gives rise to two refracted 
rays, AjEi and AjXi- These are the ordinary and extraordinary 
rays respectively. At Bj and Xi these are refracted along BiCi 
and XiYi, both emergent rays being parallel to SAj, the incident 
ray. We see, therefore, that the refractive index for the extra- 
ordinary ray is less than that for the ordinary ray. 

When we consider the ray SAg, however, we find that there is 
formed By refraction the ordinary ray AgBa, which, at Bj, emerges 
as BgCa. The extraordinary ray is AgXg and it must be noted 
that even if SAi and SAg are equally inclined to ON, the two extra- 
ordinary rays in the rhomb are equally inclined to SN. (In 
fact, they are not, in general, in the plane of the diagram, but, 
for the purpose of the explanation here given, this point is ignored,) 
The emergent ray X^Yg is, however, parallel to SAg. We therefore 
have two divergent pencils emerging from the rhomb. If these 
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enter an eye situated on SN produced, two images will be seen, 
(a), the ordinary image 0, lying on the normal SN, (6), the extra- 
ordinary image E, not on the normal SIS’. Hence, when the rhomb 
is rotated about SN, the image 0 remains stationary, while E 
rotates. 

If a microscope is focused in turn on 0 and then on E, it will 
be found that 0 is nearer to the rhomb than is E. 

Moreover, if parallel light is incident upon the rhomb, only one 
image is seen. 

If, in the case of divergent rays, the emergent light is examined 



Extraordinary Ray 
Fig. 30-4. 

after passing through a tourmaline crystal, on rotating the tour- 
maline about a horizontal axis it will be found that in some positions 
only the ordinary ray is transmitted, while in a position at right 
angles to the above only the extraordinary ray gets through the 
crystal. This experiment proves that the ordinary and extra- 
ordinary rays are vibrating in planes mutually at right angles. 

NicoPs Prism . — K very convenient means of obtaining plane 
polarized light or of detecting it is the so-called Mcol’s prism : a 
better name for it would be a McoFs rhomb. It is constructed 
from^ calcite in the following manner A calcite crystal is illustrated 
in Eig. 30*5 (du). At the point A the angles of the three faces are 
equal and obtuse. The straight line OA drawn through A and 
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equally inclined to these three faces is termed the optic axis. 
Now since in crystals all parallel lines are strictly equivalent as 
far as the properties of the crystal are concerned, any line parallel 
to the one we have drawn is an optic axis. An optic axis of a 



crystal possesses the property that plane waves of light whose 
normals are parallel to the optic axis travel through the crystal 
with a velocity which is independent of the direction of vibration 
of the light, i.e. the extraordinary and the ordinary wave fronts 
remain together, or the corresponding rays are coincident. Any 
plane normal to the face of a crystal and containing an optic 
axis is called a principal plane for that face of the crystal, [The 
case is strictly analogous to that of a “ normal to a plane surface 
which is a direction and not a particular line.] 

Let ABCD, Eig. 30*5 (6), be the principal plane for light incident 
on the face AB. In constructing a Nicol rhomb it is found neces- 
sary for AB not to be a natural face which makes an angle of 71® 
with BC but to be an artificial face formed by grinding away the 

natural face until the ABC is 68°. The rhomb so formed is then cut 
in two by a plane at right angles to the principal plane — its trace is 
AC. The two halves are afterwards cemented together by Canada 
balsam. When a ray PQ falls on the face AB the ordinary ray 
suffers total internal reflexion at R along RS since the refractive 
index of the balsam [1»56] is less than that of calcite for the ordinary 
ray [1*658]. On the other hand, the extraordinary ray is transmitted 
when the prism* is constructed in ^t^^^ above manner. The emergent 
light is plane polarizied, the vibrations being parallel to AB, the 



Fig. 30*6.- — ^Principle of a Simple Polarimeier. 


system. [It is necessary to use parallel Mglit so tliat the ordinary 
rays produced in the first section of the nicol shall all fall on the 
Canada balsam at an angle of incidence greater than the critical 
angle.] If Ng, the analyser^ is rotated through 90® the field appears 
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shorter diagonal of the face receiving the incident light. The faces 
of the prism parallel to BG or AD are blackened to absorb stray 
radiations. 

A section of the calcite before and after grinding is shown in (d). 
The length of a rdcol is about three times its width so that a 
minimum amount of material is used in its manufacture. 

The Production and Analysis of Polarized Light.— The most 
convenient method whereby polarized plane light may be obtained 
is with the aid of a Mcol rhomb. The nicol is mounted in front of 
a source of light when the transmitted light is plane polarized, the 
vibrations being parallel to the shorter diagonal of the face receiving 
the Hght. This is equivalent to stating that the vibrations are 
parallel to the principal plane of the prism or that the plane of 
polarization of the emergent light is perpendicular to the principal 
plane, i.e. the plane of polarization is normal to the plane of the 
paper in Fig. 30*5 (6). When a nicol is used in this way it is 
termed a polarizer* 

To detect plane polarized light a second nicol is placed to receive 
the light under examination. If this nicol has its principal plane 
parallel to the plane in '^hich the vibrations are taking place in 
the incident light, no apparent change will be seen on looking 
through this prism. But if the nicol is rotated through 90® the 
field will be dark, since the light vibrations will be in such a plane 
that the light cannot pass through. If no change takes place the 
Hght is not plane polarized. We cannot say, however, that the 
Hght is unpolarized, for it is possible for Hght to be polarized in 
another way and yet pass through the nicol. Such Hght is said to 
he circularly polarized and other means have to be developed*to 
distinguish circularly polarized and unpolarized light. When a 
Nicol is used to examine Hght in this manner it is termed an 
analyser. 

Rotation of the Plane of Polarization.— Let. two nicols, Nj 
and Ns, Fig. 30*6, be arranged with their principal planes paraUel. 
ParaUel Hght from a source S is then transmitted through the 
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dark and the nicols are said to be crossed. If, however, a tube 
contaimng a substance such as turpentine is introduced between the 
crossed nicols the field will, in general, appear bright. To establish 
darkness it is necessary to rotate the analyser by an amount depend- 
ing on the length of the tube and the particular substance in it. 

Quartz, aqueous solutions of cane sugar, ice, etc., are capable of 
rotating plane polarized light : they are said to be optically 
active. The rotation is said to be right-handed if, on looking 
along the path of the light towards its source, the rotation appears 
to be clockwise. If it is anti-clockwise it is termed a left-handed 
rotation. To decide whether or not a substance exhibits a right- 
or left-handed rotation experiments must be made with two tubes 
of different lengths : a calculation of the rotation per cm. will 
indicate the correct sign, for if the correct one has been chosen 
the rotation win be directly proportional to the length. 

For solutions of active substances in inactive solvents having 

0 

a length I, expressed in decimetres, the quantity ^ is called 


the specific rotation of the solution, where m is the massof dissolved 
substance per cm.® and 6 the observed rotation in degrees. It is 
denoted by the symbol [a]|), where D refers to the colour of the 
light used (sodium), and t is the temperature. Since [a] depends 
upon the colour of the light and the temperature of the solutions 
these must be stated if the above definition is to have a definite 
meaning. For pure substances the specific rotation is defined as the 


B 

ratio where p is the density of the substance. 

♦ ^ 

The Influence of Strain on Polarized Light. — If a piece of 
glass which has been carefully annealed is placed between crossed 
nicols the field remains dark. K, however, the piece of glass is 
strained by bending the field will no longer be dark. This experi- 
ment indicates a means of detecting strain in glass. In some of the 
cheaper forms of glass blocks the presence of strain may be strikingly 
shown in this way. 
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' 

1. — ^When sodium light is incident on the surface of a plate of block 
glass, the reflected light is plane polarized when the angle of incidence 
is 58^ 23^ What is the refractive index of the glass ? 

2, — Discuss the evidence for the belief that light vibrations are j 

transverse. What is plane polarized light? Describe two methods 

of obtaining it. 





PART IV 

ACOUSTICS 

CHAPTER XXXI 

WAVE MOTION AND THE NATURE OF SOUND 

Introduction. — The term sound is used to denote the sensation 
we receive by means of our ears and also to name the physical 
cause of this sensation. In physics we have to deal with the external 
disturbance and our present aim is to investigate the manner in 
which it arises, the mode in which it travels to us, and the cause 
of the differences which enable us to distinguish one sound from 
another. Everyday experiences teach us that the source of the 
sound is in a state of vibration so that the preliminary part of our 
work must be a study of vibrating bodies- We have already learnt 
that a particle executes a simple harmonic motion when it is dis- 
placed from its zero or rest position if forces directly proportional 
to the displacement arise tending to restore it to its zero position. 

Graphical Representation of a S.H.M. — It has already been 
shown [of. p. 36] that a S.H.M. may be regarded as the projection 
of a uniform circular motion on any diameter of the circle. Thus, if 



P, Fig. 31-1 (a), is moving with uniform angular velocity, co, in a circle 
whose centre is 0, and PN is drawn perpendicular to the gz-axis, the 
point N performs a S.H.M, To represent this motion graphically 0, 
Fig. 31-1 (6), is taken as origin, the time being represented along 
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OT, while the displacement of N from the centre 0 at any particular 
instant is given by the corresponding ordinate. Thus if at time t 
the rotating particle has moved to a point P, where ACP = eoi, 
the position of its projection N on the «/-axis is represented by j3, 
where 0^ = and pt = NC. If a series of points corresponding 
to the positions of N at various instants during one complete period 
of its oscillation are determined in this way and joined by a smooth 
curve the graph shown in (b) is obtained. Such a curve is called 
a harmonic curve. Since = NC = CP sin cot ~ a sin cot^ 
where a is the radius of the circle, it follows that the equation 
to the curve we have obtained is 

y a sin cot. 

If , instead of measuring the time from one particular instant when 
the point P crosses the ic-axis, it is measured from an instant when P 

is at Z, where ZCA = and we denote this time by r, the equation 
to the curve is 

1 / = a sin {(OX + (j>) 

■■ ' ' ■ ' 

for PCA is now equal to (cor + 

The angle (cot + is called the phase of the vibration, while ^ 
is termed the epoch. The amplitude of the motion is a. 
Resultant of Two S.H.M.’s in the sanae Straight Line.~Let 
us suppose that the point N, Pig. 31*1 (a), continues to move with 
about the pointCas centre while the book itseK moves parallel 

to the 2 /-axis with a S.H.M. 
of the same period but dif- 
ferent amplitude and phase. 
The resultant of these two 
motions gives the actual dis- 
placement of hr with refer- 
ence to the table on which 
the book may be resting. 
The thin curve in Pig. 31*2 
represents the displacement 
of N, its equation being 
y== a sin cot. If the motion 



Fia. 31‘2. — Composition of S.H.M.'s in th© 
same straight line. (Same period.) 


of the book alone is jr — sin (mt + i.e, its phase is exactly a 

qiiarter of a period in advance of the first, then the dotted line 
represents this motion. At the instant represented by A the dis- 
placement of N due to the first motion is AB and AC due to the 
second. The total displacement is therefore AD where AD = 
AB + AC. Similarly, at any other instant the resultant dis- 
placement is the algebraic sum of the ordinates of the two cxirves. 
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Tiie thick curve represents the motion of N due to the combined 
action of the two S.H.M/s. The figure shows that the resultant of 
two such motions of equal period and in the same straight line is 
also a a fact which is easily established analytically as 

follows : — 

Resultant displacement = a sin coiJ + 6 sin {cot + (say), 

where is the difference in phase between the two superimposed 
motions. Then 

y z=z a sin o)t + h sin o>t cos + 6 cos mt sin ^ 

== sin a>t{a + h cos 9 ^) + cos cotij) sin <f>) 

= c + 6 ), if (a + ^ cos ^) = c cos 6 and 6 sin 96 = c sin 0 

or, tan 6 == ^ — — — 7 and === a® 4 “ "f* cos ©. 

’ a + b cos f 

The same artifice can be employed when the S.H.M.^s have 
different periods. Fig. 31*3 has been constructed when the ratio of 


Fio, 31*3, — Composition of S.H.M.’s in the same straight line. (Different 

periods.) 

the two periods is 5 : 4 ; the dotted curve represents the vibration 
of shorter period and it has been assumed that at the commencement 
of the observations the two motions are producing their maximum 
displacements in the same direction. The resultant vibration is no 
longer simple harmonic, for its amplitude alternates between large 
and small values. The resultant amplitude is very large at the 
beginning when the two motions are in the same phase, while at the 
time when the faster has executed 2*5 complete vibrations and the 
slower 2 the two motions are out of phase, i.e. the difference in 
phase is TT, the resultant amplitude is small. Aftpr an equal lapse 
of time the two are again in phase and the resultant amplitude is a 
maximum. It is clear from the diagram that the displacement is 
a maximum whenever the slower particle has executed four complete 
vibrations, or the faster one five. 

Resultant of Two at Right Angles,* — ^Let us suppose 

that two S.H.M.'s at right angles to one another are simultaneously 
impressed upon a particle, e.g, if these two directions are chosen as 
;I,r. •: . . 
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reference^axes, let x ~ 4 cos and ^ = 3 cos be the equations 

to the component motions. These indicate that the amplitudes are 
as 4 : 3, whilst their periodic times are as 3:4. Two semicircles 


b\ m \i2 



a 


(6) C 





Fio. 31*4:. — Composition of S.H,M.*s at Bight Angles. 

ABC and DEF, Fig. 31*4 (a), with their radii in the ratio of the 
amplitudes, are drawn. Let their arcs be divided into six and eight 
equal parts. We do t^^^^ points for each motion 

will describe each of these portions in the same time. Since the 
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motions are in phase the tracing points must occur at the extreme 
ends of their swings in the positive directions at the same instant. 
Let us suppose that time is measured from the occasion when one 
such particular event occurs. The particle will therefore start at 0. 
At the end of the interval corresponding to the positions of the 
tracing points marked 1,. the displacement in the jr-direction will 
be Aa, whilst that in the 2/-direction will be Dp; the particle 
will therefore be at P [also marked 1]. At the end of the second 
interval the particle will be at Q, etc. Proceeding in this way 
the complete curve representing the motion of the particle is 
obtained. 

If the two impressed motions are represented by 
a; = 4 cos and y = Z cos the amplitudes and periodic 

times are in the same ratio as above, but now the a;-motion is :7r/2 in 


Phase Difference. 



Fig. 31*5. — Lissajous’ Figures. 


phase ahead of the ^-motion, i.e. when the tracing point giving the 
^-rhotion is at D, the other is at B — Eig. 314 (6), 

The curves in Fig. 31*5 have been obtained in the same way : they 
are more simple than those of Fig. 314,. since the amplitudes of the 
component motions are equal. The ratio of the periods is given oh 
the left, while at the top the phase of the ^-component ahead of the 
a;-component is given. 

Blackburn’s Pendulum.— A thin string about 7 ft. long has its 
two ends fixed to a horizontal rod E, Fig. 31*6. This string is cut 
at its centre and the two ends attached to a heavy lead ring, B, 
carrying a glass funnel whose exit tube has been constricted at its 
lower end. A clip A enables the string to be caught up as shown. 
The whole forms a pendulum of length EB for vibrations per- 
pendicular to the plane of the figui’e, but one of length AB when 
the vibrations are in the plane of the figure. The periods may 


I 
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be adjusted by altering the position of A. When the bob is 

displaced outwards in a slant- 
ing position and then released 
its motion is that of two 
S.H.M/s mutually perpendi- 
cular. If some dry sand is 
placed in the funnel and per- 
mitted to escape on to a 
sheet of paper immediately 
below, a record of the motion 
may be obtained. The lead 
ring, having a mass consider- 
ably in excess of that of the 
sand, keeps the centre of 
gravity of the system constant 
so that its period does not 
vary appreciably. 

Lissajous’ Figures.— Two 
metal strips having different 
lengths or differing in nature 
are mounted so that one, A, may oscillate in a horizontal plane 
and the other, B, in a vertical plane. An aluminium screen 
with a small hole drilled in it is attached to the first strip 
and a convex lens to the other. The distance apart of the screen 
and lens is adjusted so that a clear image of the illuminated 
aperture is formed on a screen. If A alone vibrates the image is 
drawn out into a horizontal line, while if B oscillates by itself the 
image becomes a vertical line. Both strips perform S.H.M.’s so 
that when both oscillate together a curved figure more complicated 
than those in Figs. 31 4 and 31 '5 is generally obtained. Such curves 
are known as Lissajous* figures. They enable us to compare, the 
frequencies of two vibrating objects. For example, let A and B 
be the prongs of two tuning-forks one of which has a frequency 
n while the other (B) has a frequency slightly different from this. 

7t 

At some instant the difference in phase will be when a closed 

curve will be observed. Since the ratio of the frequencies of the 
two forks differs slightly from unity this pattern will not persist 
and various curves will appear in turn until the slower fork 
has made one complete oscillation less than the other, when 

the phase difference will again be g. Let t be the time which 

elapses between two successive appearances of the same closed curve 
of light During’ this time one fork has made nt vibrations 
while the other has made ni db 1. To determine the correct sign 



Fia. 31*6.—Blackbtim's Pendulum. 
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to be used in this equation a small piece of wax is attached to 
the fork B and the time elapsing between successive reappearances 
of the same curve of light noted. If this is less than before it 
follows that the difference in frequency between the two forks has 
been increased so that the frequency of B is less than that of A. 
The frequency of the fork B is therefore 




Experiment . — IJse Lissajous’ figures to ascertain when the periods of 
two strips are identical. Measure the length, Aj, of A (say), and then 
alter its length to 2* until the frequency is doubled. Verify that 

=: 2 ^ 3 * 


Waves. — Hitherto we have only considered the vibration of an 
isolated particle or point in a body. In Nature examples are often 
found of whole bodies each of whose particles is vibrating with 
S.H.M. but in which the phase differs regularly from one particle 
to the next. As an illustration let us consider a row of particles 
lying in a straight line and equidistant from one another when they 
are at rest. Suppose that these particles all execute a S.H.M. of 
common amplitude but in which the successive phases differ by 

2j^ ' ' ' 

or 22*5®. Then the motions of all these particles may be repre- 


sented by those of sixteen particles moving at equal distances round 





Fig. 31*7. 




a circle the radius of which equals the common amplitude of the 
vibrations, for the displacement of any particle at a particular 
instant is given by the ordinate of the corresponding particle in the 
circle—see Fig. 31*7 (a). The positions of the particles when the 

phase of the first h%p increased by successive multiples of ^ are 

indicated in Pig. 31-7 (6). It will be noticed that all the curves may 
be obtained from the first by displacing this to the right so that, as 
the particles in/the circle continue to rotate, the curve representing 
their positions moves to the right. These curves are similar in shape 
to the harmonic curves already discussed [cf . p. 511] but differ in at 
least one important respect. The harmonic curve represents the 
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pogitlQfi. of one particle at different times in its Mstory, w^ 
tie cm‘ves now contemplated are really instantaneous pictures 
representing tie positions of all tie disturbed particles at one 
particular instant ; ^hey are termed ti^wc-/orm curves. 

Tie effect produced as tie wave-form curve moves forward is 
known as a wave-motion, a very familiar example of wiich occurs 
whenever a stone is dropped into tie still water of a pond^ Tie 
stone depresses tie water at tie point of contact : but sinceVater 
is an elastic medium, forces arise tending to restore tie surface of 
tie water to its original level Tie magnitude of tie depression 
is tierefore finite. Wien tie water regains its normal level for 
tie first time it possesses considerable inertia in consequence of 
wiici it “ overshoots tie mark and produces an elevation. Tie 
restoring forces soon bring tie moving water to rest momentarily, 
after wMci tie inertia increases, tie water passes beyond its original 
position and a depression is formed : this process is repeated. 
[In actual practice the amplitude is gradually reduced by viscous 
forces and tie disturbance soon dies away.] But meanwhile, 
however, tie disturbance is not confined to tie point where tie 
stone entered tie water. As each particle of water is displaced its 
neighbour is influenced and begins to participate in this up-and- 
down motion. Tie resultant effect is that although tie particles 
move up and down a wa.ve passes across the surface of tie water. 
Wien tie displacement of a particle is a maximum in tie positive 
direction, i.e. above tie normal level of tie water, that particle is 
said to be at tie crest of a wave, whilst, when it is a maximum in 
tie other direction, it is at a trough. Tie distance from one 
crest (or trough) to tie next crest (or trough) is termed a 

Particles whose abscissae differ by one wave-length (or 
an integral number of wave-lengths) are in tie same phase. [Tie 
phases of two vibrations are tie same when they are identical or 
differ by an even number of vr radians.] 

^ Prom the above remarks we see that a wave-motion may be 
Jregarded as a disturbance wiici travels in a medium and wiich 
^arises from parts of tie medium executing definite periodic vibrations^' 
! about their mean positions. 

^ Tie velocity with wiici tie. disturbance is propagated is tie 
I distance through which it moves in unit time : the frequency 
is tie number of complete waves passing a fixA^oint per unit time. 
If tie wave-length is A, and tie frequency /, the velocity V is 
expressed by 

Transverse and Longitudinal Waves. — ^Let OA, Pig. 31*8, be 
a rod with one end 0 fixed while tie other is attached to a cord. 
Wien tie rod is caused to vibrate a number of loops travel along 
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the cord as indicated. The particles in the cord moTe up and down, 
bnt the disturbance is propagated to the left. Each particle in the 
string executes the same motion as the moYing end of the rod, but 
they are ntt necessarily synchronous with it, for the phase of any 
given particle in the string depends on its distance from A and the 
velocity with which the disturbance travels forward. Such a 
progressive disturbance is termed a transverse wave since the 
vibrating particles move in a direction at right angles to that along 
which the disturbance travels. ( The important point to be 
emphasized is that the particles vibrate about a mean position but 
their kinetic energy travels forward.) 

K^ince the motion of A is simple hannonic its displacement at any 
instant t is given by y ~ a sin cot, where co is the angular velocity of 



Flo. 31*8. — Waves along a Cord. 


the point moving in the reference circle which has already been 
described [cf. p. 511], and a is the amplitude. The displacement of 
a point Q at the same instant is given by ^ = a sin {cot — 6), where 
6 is the phase difference between A and Q. Since 

where T is the periodic time, this may be written 
y =: a sin 27t 

since the phase difference in going from A to D is 2ze:, so that d, the 
phase difference between A and Q, is 



X 

AD 


27t 


If we write ^ 


and - 7 ^ = g, 


we have 


^ Y 

y — a sm i^t — q%). 

Longitudinal Waves now assume that a fairly wide 

strip of metal is oscillating to and fro in air, Eig. 31-9. The air at 
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B is alternately compressed and rarefied as the strip moves 
towards and away from it. When it is compressed the particles 
tend to relieve the strain which has been created by corTipressing 
the Mjacent layers of air to the right. These in tnrn hand on 
the compression. A few moments later the strip moves to the 
left and a rarefaction takes place at B, a condition which is passed 
on to the adjacent layers as before. Owing to the definite time 
interval between these two states and the compressions and rare- 
factions immediately following them a wave-motion consisting 
of these alternate compressions and rarefactions is propagated 




Fig. 31*9.— Longitudinal Waves. 

forward. Such a wave is said to be a longitudinal wave since 
the vibrating particles move in a direction parallel to that along 
which the wave advances. Again we have to notice that, as 
with transverse waves, the vibrating particles only move through 
a small distance about a mean position but the energy is carried 
forward. 

/ The Wave Equation.— When a particle is executing a simple 
'^harmonic motion, that motion may be represented analytically by 
the equation 

2 / a sin oot 
= a sin 27tft 

= a sin pi . . . . . . . (i) 

where o) is the angular velocity of the point moving in a circle of 

radius a defining the motion ; / = jjis the frequency of the motion. 

The expression 27tf is denoted by p, where p is termed the 
pulsatance, Wliile co and p are equal, it is better to use p since 
p refers to something intimately connected with the motion whereas 
cOf strictly speaking, refers to another motion. 

Each of the above expressions involves the assumption that the 
motion begms at the time i ~ 0. An equation of a more general 
nature, but still representing a simple harmonic motion, is 

y^aBm(pt’-d) . . .... (ii) 

Q 

From this, 2/ 0 firstly when pt = 6, i.e. t — In other words the 

■ P , 

B 

motion represented by (ii) is reckoned from a time - later than that 

in (i)- 

Suppose the equation y ^ a sin pt represents the motion of a point 
A, on a cord, along which waves are travelling — a cord is used merely 
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for the sake of a concrete example. Now the disturbance at A reaches 

X 

a point B at distance x from A, at a time - after it was at A. 
Suppose that when the displacement at A is given hy y ^ a sin pi, 

X 

that at B is given hjy^a sin (pi — 9). Then at a time ^ later the 
displacement at B is the same as that at A at time i, i.e. 

Pb = a sin Vpft + -] — 9l == y^ = a sin pi. 

^ » 


I.e. 


P 


,x^d. 


Sti X 

But p = and v = so that the above condition becomes 

27z 

— 6 OT qx 6y where q == -y. 


The equation y = asin (pi — qx) therefore gives the displacement, 
in general, at any point on the cord. It contains two variables, 
t and aj. The equation representing the motion of a given particle is 
obtained by considering x as constant, i.e. 

p = a sin (pi — . . . . . . (iv) 

On the other hand, the displacement of all points on the cord is, 
at a particular instant, given by 

£c =: a sin (icj — qx) . . . . . . (v) 

From equations (iv) and (v) it is clear that a cinematographic 
picture of a selected point is identical with that of an instantaneous 
picture of the whole wave (cord). 

The equation y = a sin (pi — qx) represents a wave disturbance 
travelling along the aj-axis in the positive direction. If the wave 
travels in the opposite direction the equation becomes 
y = a sin (pi + qis) 


because the disturbance is at B before it reaches A, i.e. the disturbance 

X « 

at B at time t is identical with that at A at time i. 

V 


Velocity of Longitudinal Waves. — ^N ewtok first proved that 
the velocity of longitudinal waves, in a medium whose modulus of 
elasticity for the particular type of strain set up is E and whose 


density is p, is expressed by In solids, the compressions 

and rarefactions cause temporary alterations in length so that 
Young's modulus for the particular material concerned determines 
the magnitude of the elastic forces which arise. Hence, for these. 



In liquids and gases changes in volume are produced by the com- 
pression and it is owing to the bulk modulus, jc, that the waves 
are propagated. It has already been shown [cf. p. 136] that the 
bulk modulus for a gas is equal to the pressure P which it exerts. 
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so that y ■ 


a/ ; 


p. 


TMs result was obtained by Newton. 


Since one atmosphere equals 76 X 13-6 X 981 dynes cm.""* and 
the density of air is 0*001293 gm. cm."*® we obtain by substitution 
V = 280 metres sec Experimental determinations of the velocity 
of sound in air show that it is 332 metres sec.*""^ The difEerence 
between these values is too great to be attributed to experimental 
errors, but the problem remained an enigma to Newton. About a 
century later Laplace detected the cause of the ^^screpanoy. He 
realized that the compressions and rarefactions in a gas take place 
so rapidly that the gas is considerably heated during a compression 
and cooled during a rarefaction. It is therefore not the isothermal 
elasticity but the adiabatic elasticity which controls the process. 
The adiabatic equation ispvy = constant, where y is the ratio of the 
specific heat of the gas at constant pressure to that at constant 
volume. Suppose that a volume, t?, of gas at pressure j? is com- 
pressed adiabatically to a volume (t? — zl^;) by a pressure (p + Zl_p), 
where Zit? is the small decrease in volume, and Ap th& small increase 
in pressure. Then 

pvy = (p + Ap) {v — Av)y .. . . . (l) 

T 1 X. 1 - increase in stress Ap 

The adiabatic elasticity — — ^ * 


Now 

Av 




'^teain 


, y— terms 


(v) 


containing higher 


powers of 


Neglecting these higher powers since 
ingin (1) 

■ (p + Ap)[l- 


Av 


(v)] 


is smah and substitut- 


P' 


L 


Av 

y— 




Av 


Av 


Adiabatic elasticity = 


For air, y = 140, so that 


y p ‘ 

Ap 

Av^ 




= yp. 




•40 X 280 — 331 metres sec.* 
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Since tliis agrees with the velocity of sound as determined experi- 
mentally we conclude that during the passage of longitudinal waves 
in air the variations in pressure take place under adiabatic conditions. 

Velocity of Sound in Free Air. — The velocity of sound in free 
ail* has been the subject of many experimental investigations during 
the last three or four centuries. The first determination which can ' 
be considered at all reliable was made about the middle of the 
eighteenth century by three members of the French Academy- 
Two stations about 30 kilometres apart were selected and at constant 
intervals of time during the night cannons were fired, one at each 
station. An observer at the other station determined the time 
elapsing between seeing the flash from the explosion and hearing the 
report. The distance between the stations having been measured 
accurately, the velocity of the sound was deduced. Their results 
indicated that the velocity of sound in air increased with increase 
in temperature but was independent of the pressure. They also 
showed that the velocity was independent of the actual distance of 
the observer from the source but that it was increased when it 
travelled with the wind and diminished when it travelled against it. 
By taking the mean time of propagation in two opposite directions 
as in these experiments the wind effect was eliminated. 

The imjiortant objection to be urged against all such determina- 
tions as the above is. that three errors arise which are very difficult 
to eliminate — ^together they comprise what is termed the personal 
equation.” Three distinct factors arise in making a determination 
of the time interval : the flash is $een, the sound is heard, and a 
chronometer is operated by the observer's finger. For the first two 
of these time is required for the brain to interpret the signal received, 
whilst before the last operation can be carried out a message must 
be sent from the brain to the observer’s finger. The time interval or 
lag peculiar to any person (or instrument) between the recording of 
an event and its perception is known as the ** personal equation ** 
for that person or instrument; 

The error due to the personal equation of the observer may 
be very much reduced by employing mechanical means to record 
the arrivals of the various signals, but this does not eliminate the 
error entirely, for aU pieces of such apparatus have their own' ‘‘ per- 
sonal equations ” ; it is, however, much more constant than that of 
an observer and may be evaluated and then eliminated by making 
experiments over widely different distances. REONAUiiT attempted 
an important series of experiments on these lines in 1864. 

The reciprocal firing of guns at stations first 2,446 metres and then 
1,280 metres apart was the method employed. The* apparatus 
shown in Fig. 31*10 was duplicated. D was the drum of a chrono- 
graph revolving at a constant and known speed. S was a style 
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making a trace on the drum. A gun fired at the first station broke 
the wire, W, forming part of the electrical circuit shown: the 
style moved to the left leaving on the drum a definite indication 
of the time of origin of the sound waves. The sound-waves bn 
arrival at the other station were incident upon a wooden cone over 
the end of which a membrane was stretched. This membrane moved 
when the sound-waves arrived and temporarily completed the 
electrical circuit, so that the electromagnet was again excited, 
and the end of S made a mark on the drum perpendicular to the 
general trace. Since the speed of the drum was known, the time 
interval for the sound to travel across WY could be computed. 

By determining the velocity of sound waves in the opposite 
direction and calculating the mean of the velocities in the two 
directions a value for the velocity of sound in air independent of 



Fig. 31*10. — Kegaatilt’s Apparatus for Measuring the Velocity of 
Sound in Air. 

the effect of any wind was obtained. Eeghatjlt found, however, 
that this apparatus had a personal equation comparable with that 
of a trained observer : it was eliminated by making experiments 
over the two different distances already mentioned. 

Stoite, in 1871, at Cape Town where he was Astronomer Boyal, 
attempted to eliminate the error due to the personal equation in the 
following way : — ^Two observers were stationed 641 ft. and 15,499 ft. 
respectively from a gun which was fired. Each recorder reported 
the arrival of the sound at his station on an electric chronograph 
situated at the observatory. The difference between the times 
of the arrival of the sound as recorded by each observer was the 
time required for the sound to travel across the distance separating 
them, but slightly in error owing to the fact that their “ personal 
equations ” were not likely to be the same, especially as the in- 
tensity of the sound perceived by each was different. To eliminate 
the difference between these two personal equations, a smaller 
gun was fired at such distances from the two observers that the 
intensity of the sound was approximately the same as in the main 
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experiment. The distances were now 162 ft. and 1,483 ft. from 
the gun. The time for sound waves to travel across the distance 
between the two observers was then calculated from the provisional 
value for the velocity of sound deduced from the iirst experiment 
when no correction was applied. It was found to be 1*177 sec. 
The recorded time interval was 1*265 sec., i.e. it was in excess of 
the computed time by 0*09 sec. Thus represents the difference 
between the two personal equations, i.e. the correction for the 
difference between the personal equations is —0*09 sec. When this 
connection was applied, Stone obtained 

t7o — 332*4 metres sec.""^ == 1,090*6 ft. seo.~*^. 

Geeely, working in the Arctic regions where conditions are 
sometimes very stiU and low temperatures cause the water content 
of the air to be small, found that the velocity of sound ir^ air could 
be represented by the equation V = (332 + 0*6^) metres sec. 
where t is the temperature on the Centigrade scale. 

Accurate Determination of the Velocity of Sound in Air.-— 
The velocity of sound in air may be determined by methods which 
are classified as direct or indirect. In the direct method, the time 
taken for a sound to travel across a measured distance is determined, 
and we have to consider the relative advantages of using a long or a 
short distance. The main objections to the long distance method are : 

(i) Very intense sounds have to be used— e.g. the discharge of a 
cannon, and it is doubtful whether the velocity near the source is the 
same as that some distance away. 

(ii) It is impossible to apply corrections for wind, temperature, 
and humidity with any great degree of accuracy. 

(iii) The “personal equation” of an observer or of a recording 
device is involved. 

In the short distance method (i) and (ii) are avoided, while (iii) 
depends on the method adopted. In Reonauxoj’s experiraents a gun 
was used. To free the experiment from the personal equation of the 
observer, both the discharge of the gun at one station and the arrival 
of the sound at the other were recorded electrically. There was 
nothing to guarantee, however, that the recording device did not 
possess a “personal equation ” of its own. Simultaneous firing from 
both stations was employed to ehminate the effect of the wind. ^ 

Hebb’s Telephone Method for Measuring the Velocity of 
Sound in Air. — Hebb, in 1905, at the suggestion of Michelson, 
devised the following method for measuring the velocity of sound, 
Ai and A^, Fig. 31*11, were two paraboloidal mirrors arranged coaxially. 
Waves of sound were sent out from a source at the focus F^ of A^, 
and collected at the focus Fj of Ag. Tj is a telephone transmitter 
near F^ and Tg a second telephone transmitter at Fg. Bach trans- 
mitter is 'in series with a battery or Bg, respectively, and on© of 
the primaries Pi or Pg of a special induction coil having two primaries. 
The secondary of this coil was connected to a telephone receiver. 

Now suppose that waves are sent out by a source at Fi. Some 
pass directly to Ti and set its diaphragm in vibration with a definite 
phase relation depending on the distance of Ti from Fg. Other waves 
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are collected at and operate the transmitter T2^ — the phase of it?5 
vibrations will depend on the distance FiAiA^Fg* The vector sum 
of the two effects will be given in the receiver T3. If we assume that 
the intensities (amplitudes) of these effect are equal, it is possible, by 
moving one mirror parallel to itself, to change the relative phases of 
the two effects so that they will alternately annul and reinforce one 
another. This affords a good method of measuring the wave-length 
of the sound. If the mirror can be moved through a distance of 100 
wave-lengths, and each position of maximum resultant effect in Tg 
determined with an error not exceeding 0-1 of its wave-length, ^ the 
wave-length may be determined correctly to within one part in a 
thousand. 

The mirrors were 6 feet in diameter and had a focal length of 
15 inches. They were made of plaster of Paris. The source of sound 
was a tube 0*75 in. in diameter, closed at one end, and having a 


Telephone neceiver 



stream of air blown across the other. It was arranged so that as few 
overtones as possible were present. The pitch was adjusted to be 
equal to that of a standard fork and could be maintained constant 
to within 1 part in 6,000. The hall in which the experiments were 
carried out was 120 feet long, 10 feet wide and 14 feet high. There 
was no wind and the mean temperature was deduced from the indica- 
tiSns of six thermometers arranged alternately on the walls. The 
final result obtained for the velocity of sound in air at 0° C. was 
Uo “ 331-46 metres sec.“"^. 

The Velocity of Sound in Water.— In 1826, Coxx-adon and 
Sthem measured the speed of sound waves travelling through the 
water of Lake Geneva. A bell was supported in the water from a 
boat and sound waves excited by striking the beU with a lever ; 
the moment the bell was struck the same lever fired a charge of 
gunpowder. Since the experiments were carried out at night the 
flash from the explosion was seen by a distant observer who held a 
form of ear-trumpet in the water. The end in the water was 
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closed by a membrane wMcb vibrated when the sound-waves 
reached it. The upper end of the trumpet was placed against the 
observer’s ear so that the arrival of the sound was easily detected. 
From the interval of time between the flash and the arrival of the 
sound, and the distance over which it had travelled, the velocity of 
the sound was calculated. 

The Velocity of Sound in Sea Water. — ^If the velocity of sound 
in any medium is known, the distance between two points in it can 
be determined, if the time required for sound to travel from one 
point to the other and through the medium is known— in fact, the 
problem is the reverse of the one with which we are now dealing. 
Although there are more accurate means of surveying on land, the 
method has great possibilities when used for surve 3 dng at sea. It 
is fairly easy to determine the position of a ship at sea with respect 
to two land stations, but it is much more dij6S.cuit for a ship to 
ascertain its position by the ordinary methods of trigonometrical 
surveying, especially in rough weather owing to the rolling and pitch- 
ing of the boat. Moreover, this method fails utterly in foggy 
weather when it is most essential that the captain of the ship shoxild 
know his whereabouts. During the war the Badio-Acoustic method 
was developed by the British Admiralty for this purpose. But 
before describmg it let us see how the velocity of sound in sea water 
was measured. 

A wireless operator on board one of two ships stationed at a known 
distance apart used a double key to fire an electrical detonator 
placed in a submerged charge of gun-cotton, and at the same time 
to transmit a wireless signal. An observer on the second ship 
received the wireless signal — ^the transmission of which across a 
short distance may be considered instantaneous— while some 
seconds later the sound was received. From the known distance 
over which the sound had travelled and the time taken the velocity 
of sound in sea water became known. At any temperature f C. it is 
given by V = (4,756 + 14i) feet . sec,“-V 

With this knowledge at hand a sMp may locate its positionfin 
cloudy or foggy weather by emitting simultaneously two signals : 
the one a sound signal through the sea, and the other a wireless 
signal. These are then picked up by two land stations at a care- 
fully surveyed distance apart. Suppose that T is the interval of 
time between the reception of the two signals at one land station. 
If D is the distance of the ship from the station, and V and p the 
velocities of wireless waves and sound in sea water, respectively, 

, ■ '.V 

Now V is equal to the velocity of light (3 X 10* metres . sec."*^). 
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its reciprocal is zero for aU practical purposes when compared with 
the reciprocal of t?, and we may write 

This equation does not fix the position of the ship but only shows 
that it lies on a circle whose centre is at the station and whose radius 
is D. If, however, the same signals are received at the second station, 
distant d from the ship, and the time interval was the position of 
the ship must be on a circle of radius d. By drawing two circles 
ot raoii D and d respectively and with centres corresponding to the 
positions of the stations the position of the ship could be determined 
uniquely. 

The distance of the ship from each of the land stations having 
been ascertained by them the information is sent by wireless to 
the ship, the total time elapsing since the ship informed the land 
stations that a knowledge of its whereabouts was required being 
about ten minutes. 

Sound -ranging on Land.^ — During the Great War the need for 
a method of locating the position of an enemy gun became Y&tj 
urgent. The following method was therefore developed. Suppose 
S, Kg. 31*12, was a source of sound — the gun— while A, B, and G, 
Were three observers who recorded the time when a sound from the 
gun reached them. If the flash of the gun had been seen, the 
method of deducing the gun’s position was exactly the same as that 
used in finding the position of the ship as described in the previous 



Fia. 31*12, — Sound Banging. 

section— moreover, only two stations would have been essential. 
The presence of the third station was due to the fact that very of ten 
the flash was not seen. At each station there was concealed a 
piece of very thin platmum wire supported on a mica frame as in 
Kg. 31*12 [h) and mounted in front of a resonator. [This consists of 
a large vessel containing air which responds loudly to notes -of certain 
pitch which are always present in the array of sounds caused by the 
explosion of a gun, but are absent from the sounds due to speech, 
traffic, etc. — of. p, 572,] The wire was placed in* one of the arms 


WAVE MOTION 


529 


of a Wlieatstone’s bridge and the bridge balanced in the usual way. 
When the resonator was in action the violent excursions of the air 
past the microphonCj i.e. the wire, mounted as described above, 
cooled it and the bridge became unbalanced since the resistance of 
platinum decreases when the temperature is lowered. This want 
of balance in the bridge was recorded electrically at the base 
which was connected to each station. If V is the velocity of sound 
in air under the prevailing atmospheric conditions, and and 1 ^, 
the times when the signal was received at each station 


and 


SA 

V 

SB 

V 


SB 

V ' 

SC 

V ' 


ta-h 


These equations indicate that S lies at the intersection of two 
hyperbolae, having their foci at A and B, and at B and C, and in 
which the differences between the focal distances of any point on 
the curves are and ¥(^6 — ^ respectively. These 

hyperbolae were constructed by a specially designed curve tracer 
and the position of the gun was found. As the method is employed 
at present the reception of the sound is indicated by a slight pro- 
tuberance on an otherwise straight line on a photographic film. 
This line is produced by light reflected from the mirror of a galvano- 
meter used to determine when the bridge is balanced. Each pro- 
tuberance shows that the balance has been disturbed. The film 
is fed continuously into highly concentrated developing and fixing 
solutions so that the negative may be examined within a few seconds 
of the time when the signal was received. Erom the speed at which 
the film is fed into the camera the time intervals can be derived 


EXAMPLE XXXI 

1. Assuming the adiabatic relation between pressure and volume for 
a perfect gas, deduce an expression for the adiabatic elasticity. W|iy 
is this value used in calculating the velocity of sound in a gas ? 

2. Describe and explain an accurate method for measuring the 
velocity of sound in air. 

3. — What is the experimental evidence for the view that sound 
consists of waves propagated through a material medium ? How does 
the velocity of the waves through air depend on their length, and on 
the pressure and temperature of the air ? 


CHAPTER XXXII 


REFLEXION, REFRACTION, AND INTERFERENCE 
OF SOUND WAVES 

The Characteristics of Sounds.— The sounds to which our ears 
respond may be divided into two classes :—(i) Sounds of short 
duration which change their character continually if they persist 
for some time ; they are termed noises ; (ii) Sounds which, are 
characterized by their smoothness and regular flow, as distinct from 
the irregularity and impulsive nature of noises, and termed musical 
sounds. Musical sounds or notes may difier from one another in 
three important particulars : they may difler (a) in intensity, i.e. 
in loudness ; (6) in pitch ; (c) in quality [or timbre], 

Intensity-Loudness. — This depends upon the amount of energy 
carried by the incident waves and is analogous to the brightness of 
a source in optics. The intensity of a sound is measured by the 
amount of energy passing per second through an area 1 cm.^ drawn 
perpendicular to the direction of propagation at the point concerned. 

If a particle of a mass m is moving with velocity its kinetic 
energy is If the particle is executing simple harmonic 

motion represented by y = a &m.{cot [cf. p. 512], its velocity at 
any instant is 

u^y== €uooos{(ot + <f)). 

Kinetic Energy = E == a^co^ cos^ {cot + 

= \7na^co\l + cos 2{a)« + ^)]. 
The second term in the bracket ranges in value from + 1 to — 1, 
its aveiage value over a complete period being zero, since it is just 
as often positive as negative. The average value of E is therefore 
a^co^ = 1 . fmU®, where U = aco, i.e. it is halt the maximum 
Idnetic energy. 

Now the energy passing through an area 1 cm.^ at any particular 
point per second, the area being at right angles to the line of propaga- 
tion, is equal to that of all the particles in a column of area 1 cm. 2 
and length V where V is the velocity of the sound. The mass of the 
column is pV, where p is the density of the medium. The energy 
proportional to the intensity of the sound is therefore 
W == J . pV . a^(o\ an expression which shows that the intensity is 
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proportional to the square of the amplitude. Now loudness is a 
physiological effect depending on the ear of the listener, but the 
more intense the sound, the more loud does it appear. By the 
method adopted on p. 327 it can he shown that the intensity I 
is inversely proportional to the square of the distance, d, from the 
source to the point considered, so that 


Whence a oc i.e. the amplitude, is inversely proportional to the dis- 
tance from the source. 

Pitch.— Pitch in acoustics corresponds to colour in optics : in 
fact, pitch may be referred to as musical colour. It is determined 
by the frequency of the vibrations and increases with increase in 
frequency. Now whereas musical notes are characterized by a 
definite and constant frequency all noises are an array of notes of 
varying pitch, i.e. of varying frequency. 

Savart’s Wheel. — ^When a piece of thin metal sheet is held against 
the teeth of a rotating wheel the former executes an impulsive vibrat- 
ory motion in consequence of the regular impacts it receives from 
the wheel, A note is emitted when the number of impacts per 
second is sufficiently great, and the frequency of the note increases 
with the speed of rotation. 

The “ Cardboard ” Siren.— This consists of a circular card- 
board or metal disc capable of revolving about an axis passing 
through its centre and normal to its own plane, and having a number 
of equidistant holes drilled near to its periphery. A jet of air 
impinges upon the disc which is arranged so that the holes are close 
to the jet. When a hole comes in front of the jet a puff of air passes 
through. As the disc rotates a series of puffs is produced and if 
these succeed one another sufficiently rapidly a note is produced. 
The pitch of the note rises as the speed of the disc increases. 

Quality.— Musical notes may have the same pitch and intensity, 
and yet differ from one another : they are said to be of different 
quality or timbre. To explain this we have to remember that the 
note emitted, when any one note of a piano is struck, is seldom 
pure ; e.g, a trained ear is able to detect the presence of notes which 
are higher than that of the fundamental or main note. These 
higher notes, if they have frequencies which are low integral mul- 
tiples of that of the fundamental are known as overtones ; other 
notes which may be present are termed tipper partials. These 
higher notes cause a change in the wave-form of a note and give 
to it a certain distinctiveness or timbre. It is because the voices 
of our acquaintances differ in timbre that we are able to distinguish 
one from another. 
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Sensitive Jets andlFlames. — To examine the progress of a 
liquid emerging from a jet into^jwater the apparatus shown in Eig. 
32'1 may be used. A “constant head ” reservoir of the type 
already described [cf . p. 287] is connected to a tube AB about 2 cm. 



I 


Fig. 32*1, — Osborne Reynold’s Experiment on Tmbulent Motion. 

in diameter, the liquid entering at A and escaping at E. At the end 
C is a rubber bung carrying an inlet tube drawn out to a capillary 
about 10 cm. long and 0*5 mm. in diameter. This is joined to a small 
reservoir S filled with ink. The flow of ink is con- 
trolled by a spring clip T. The position of the 
reservoir is adjusted by means of the flexible tubing 
connecting it to A until a long column of ink is 
seen escaping from the jet. When these conditions 
have been attained the liquid is moving with 
B> stream-line motion. [This experiment suc- 
ceeds best when the flow of ink is not too rapid.] 
By increasing the ratp of flow of the water the 
stream-line motion is destroyed and the jet of ink 
moves irregularly. The motion has become tur- 
bulent. 

Similar happenings take place when a jet of 
Pig 32*2— Ray- ^^aT gas, for example, escapes into the atmo- 
leigh’s sphere; they may be followed by igniting the 

tive Marne. eas. 



Experiment . — A piece of glass tubing 0-5 cm. in diameter, drawn 
out to form a jet 0*6 mm. in diameter, is connected to a coal-gas 
supply and placed about 3 cm. below a piece of fine copper gauze 
arranged horizontally. The gas above the gauze is ignited, but the 
flame does not extend below the copper. The position of the jet is 
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adjusted until the flam© is on the point of flickering. When a high 
note is sounded in its neighbourhood the flam© ducks violently ; 
similar happenings take place when a bunch of keys is rattled near 
to the flame. 

Another form of apparatus for producing a sensitive flame is due to 
Lord Rayleigh. A brass cylinder A, Fig. 32*2, about 4 cm. long and 
5 cm. in diameter is closed at on© end, the other being covered with 
a piece of thin tissue paper or mica. Ga^s entering from below passes 
through the cylinder and is ignited at the top of the exit tube [15 cm. 
long]. The gas flow is adjusted until the flame is apparently detached 
from the apparatus, when it will be found sensitive to various sounds, 
©specially if they are of an explosive nature like the letters jp, 6. This 
flame is exceptionally responsive to high notes if the orifice is covered 
with a cap pierced with a small hole. 

Reflexion of Sound. — Two cardboard tubes about 10 cm. in 
diameter and 100 cm. long and inclined to each other are placed 
in front of a cardboard or other screen, S, Fig. 32*3. A watch, 
or a Galton’s whistle [cf. p. 558] is placed at A and a sensitive 
flame at B. The screen R serves to prevent sound waves reach- 
ing the sensitive flame dii’ectly : to effect this more completely 
it is better to surround A entirely by a screen. The screen S is 
rotated slowly until the flame 
indicates that sound-waves are 
incident tipon it. If the angles 
between the axes of the tubes 
and the normal to S at N are 
measured they will be found to 
be equal. It may also be shown 
that sound-waves are reflected 
from concave mirrors in the 
same manner as are light and 
heat waves by placing a source 
of sound at the focus of one 
mirror and a sensitive flame at 
that of the other. If the two 
mirrors face each other the sen- 
sitive flame responds when in 
this position. The experimental 
arrangement is similar to that 
described on p. 302. 

The reflexion of sound-waves at the face of a mountain cliff is 
responsible for the formation of echoes : whispering galleries owe 
their peculiar properties to this same phenomenon. The reflexion 
of sound from the wails of some buildings is a cause of much annoy- 
ance— this was especially so in the House of Commons. It is now 
known that these echoes may be miniTni!?: ed by fl.vAi dir> |y sharp 
corners and covering the walls of the room with acoustic plaster 
which absorbs much of the incident sound energy. 


.2V 



Fig, 32*3.— Reflexion of Sound 
Waves. 
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Refraction of Sound. — ^The following experiment is due to 
TYKDiJX ; — large soap bubble is blown with carbon dioxide and 
placed between a source of sound and a sensitive flame. THe 
flame responds most readily for one particular position for a fixed 
position of the source with respect to the soap bubble. This is 
because the heavier gas in the bubble causes the sound to be re- 
fracted and the flame is affected most strongly when it and the 
source occupy positions known as conjugate foci. 

That sound-waves do suffer refraction is easily demonstrated by 
the following experiment : — ^A sensitive flame is placed at some 
distance from a source of sound — the flame responds. A coil of 
resistance wire is placed between them and heated electrically. The 
response of the flame is less vigorous. 

Refraction by the Wind. — It is a well-known fact that a sound 
travelling with the wind is better heard than when it travels in the 
reverse direction. To explain this consider a plane wave AB, 

Let us first suppose that the 
wind is blowing in this 
direction. The layers of air 
near the ground are prac- 
tically at rest, whereas the 
velocities of those above in- 
crease with their distance 
from the ground. In conse- 
quence, the upper portion 
of the wave-front gets in 
advance of the lower portion 
so that when, in the absence 
of a wind, the front would 
have advanced to AjEi, it 
actually gets to AiBg. The chance of a wave being received at P is 
therefore enhanced. A similar argument shows that when the wind 
is in the opposite direction the upper part of the wave-front is 
retarded with respect to the lower part, so that the whole front 
occupies the position A 1 B 3 instead of AiBj. The wave tends to 
pass over the head of the observer. We therefore see that a sound 
is best heard when it travels with the wind. 

Refliexion of Sound-waves by a Wall.— Let PQ, Pig. 32*5, 
represent a rigid waU upon which a train of sound-waves is falling 
at normal incidence. Since the wall is rigid, none of the energy 
incident upon it can be transmitted forward so that the layer of air 
in contact with the waU must remain permanently at rest, for i£ it 
moved away there woiild be a vacuum on one side and a pressure 
almost atmospheric on the other. Hence, when a compression 
reaches the wall, the only way whereby this layer can free itself 


Pig. 32*4, advancing from the right. 



Fig. 32'4.-~-B©fraction by the Wind. 
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from its strained condition is by pushing back its neighbours* 
A compression is therefore reflected from the wall as a compression. 
Similarly, a rarefaction is reflected as a rarefaction. In each case 
the displacements of the particles due to the incidSt wave are 
opposite to those due to the reflected wave. The waves are said 
to have been reflected with change of phase since the motions of 
the particles are reversed by reflexion. , To discover the state of 
the air through which these two trains of waves are passing we 



(a) 


(b) 


(d) 


have to construct the velocity or displacement curves and find their 
combined effect. The reflected waves can be represented by a wave- 
train moving from left to right. Since the of ..the m 

particles adjacent to the wall are^always zero^^liie jeb du^.to 
each train must be equal and opposite,,. af thi^ ppint,Xe. .at the wall 
the two wave-trains differ in pb§§e.,,b3L,?]^,,at^every instant, r The 
reflexion is sai(L to have occurred with change of phase. Jn the 
diagrams the thin and dotted lines represent the velocity curves 
of the incident and reflected waves respectively. The thick line 
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represents their resultant. At time 1 = 0 let us assume that the 
velocity of the incident wave due at the wall is a maximum ; the 
velocity at this point due to the reflected wave will also be a 
maximum equal but opposite in direction to the above. At this 
instant all the particles have a resultant velocity equal to zero 

T 

[see Eig. 32*5 (a)]. At time seconds later the curves shown in (b) 

represent the state of aflairs. The thin curve is really the thin 
curve in (a) displaced one-eighth of a wave-length to the left, while 
the dotted one is obtained from (a) by advancing the thin curve 
one-eighth of a wave-length to the right. The resultant is shown 
by the heavy line. The curves in (c), (d), and (e) have been drawn 
in the same manner. 

In a single wave-train the amplitude is the same for each vibratory 
particle although the maximum displacement of each occurs at 
different times. In the present example the points Ni, N^yNs, N 4 , 
etc., are permanently at rest. They are termed nodes and are 

A 

. separated from each other by an amount ^ where a is the wave- 
length of the motion. Moreover, the particles in between the nodes 
have different amplitudes although the amplitude is a maximum 
at the same instant. The points where the amplitude is a maximum 
e.g. at Aj, As, Ag, etc., are called antinodes. 

Vibrations similar to this are i&rmed stationary vibrations or 
standing tvaves. In our treatment above it has been assumed 
that the reflecting wall was perfectly rigid. In actual examples 
some of the incident energy will pass into the medium of which 
the w^ll'is a boundary so that the amplitude of the reflected waves 
win generally fee less than that of the incident ones. In virtue of 
this the velocity and displacement at the nodes is never exactly 
zero. 

Experiment.— In high-frequency sound-waves, such as are produced 
when a Galton’s whistle is blown, the positions of the nodes and anti- 
nodes may fee located with the aid of a sensitive flame. When the 
flame is at a node it does not flicker since the molecules are at rest, 
but when at an antinode violent flickerings of the flame manifest 
themselves since at these points the disturbances are most pronounced. 

A 

Since the distance apart of successive nodes or antinodes is-«, the 

frequency of the note may be determined if the velocity of sound in 
air is known. In this manner the frequency of a note which is so high 
that it is beyond the upper limit of audibility may be found, and 
since the frequency of the note emitted by a Galton’s whistle is con- 
tinuously variable the upper limit of audibility may be fixed. 

Reflexion without Change of Phase. — If sound-waves travel- 
ling in the more dense of two media impinge upon a boundary 
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between them reflexion takes place under conditions very different 
from those Just discussed. Let us suppose that a wave of amplitude 
a is advancing from the right towards the waU PQ, Pig. 32*5. As 
the wave passes along, each layer acquires energy which is expended 
in imparting motion to the next layer. When the layer adjacent 
to PQ is set in motion it retains some of its energy when it has moved 
through a distance a since the particles to the left of PQ are more 
easUy set in motion. In consequence of this, the layer continues 
to move towards the left until it has advanced a total distance 
5[5^ a]. This causes the air behind to become rarefied : thus 
a reflected wave of rarefaction of amplitude b is set up by the 
compression wave incident on the boundary PQ. This is termed 
a reflexion without change of phase. At the interface between 
the media the displacements are large so that antinodes occur here. 


The fibtrst node is therefore at a distance -g from the iaterface. 

-waves. — ^We have already discussed the 
conditions under which light- waves may interfere. Since sound. is 
a wave-motion [difiering from light in that it consists of longi- 
tudinal waves transmitted through a material medium and that its 
wave-length is considerably greater] it follows that sound-waves 
should be capable of inter- 
fering. Now with light-waves 
interference can oifiy occur if 
the interfering trains have 
their origins in the same 
source ; interference may be 
shown with sound-waves 
emitted from different sources. 

Let A and B, Pig. 32-6, 
be two sources emitting 
sound-waves of the same am- 
plitude and frequency. At 
the point P [not necessarily 
in the plane of the diagram] the two wave-trains will reinforce each 
other if J;hey are in phase, so that an observer at this point will hear 



Fio. 32*6. — ^Interference from Two 
Sources, 


Vrfnte: 


nterference of Sound 


a loud sound. On the other hand, if the waves differ in phase by - 
or, in general, by {2n where n is any integer, the medium will 


remain undisturbed since the displacements due to each set of waves 
are equal and opposite. These effects will persist as long as the 
sources continue to vibrate since we have supposed that their 
periods are equal. ' 
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Conditions for Interference. — The following conditions must be 
fulfilled if two wavertrains are to interfere with eleh other 

(a) The frequencies of the waves must be the same, otherwise any 
difference in phase at a particular point would not be maintained, 
and, if mutual destruction occurred at one instant, reinforcement 
would take place soon afterwards. . 

(b) The amplitudes [i.e. intensities] of the two vibrations must be 
equal, otherwise complete interference is impossible. If the 
amplitudes are not equal the positions in which the phase difference is 

A ■ ' 

(2n + 1 )h ^ot be positions where the resultant displacement is 


zero. 

(c) The displacements should be collinear, for, otherwise, the 
motion of the particles at points where the phase difference is 


{2n + l)o would not be zero and the particle at each such point 


would execute a type of Lissajous’ figure. 

Quincke ’'s Tube. — The wave-length of a high-frequency note 
may be determined with the aid of Quincke's tube shown in 
Fig. 32-7. This consists essentially of two tubes A and B about 
3 cm. in diameter and bent as indicated. The effective length of the 



right-hand tube may be altered by sliding the tube A. Let us sup- 
pose that a Galton's whistle is blown near to C. The sound-waves 
entering the tube may travel to D via the path CAD or CBD. If 
these are equal the two sets of waves will be in phase when they 
reach D so that if a sensitive flame is placed at this point it wiU be 
violently disturbed. On the other hand, if the tube A is moved, 

" ' ■ '■ . " ■ " i 

a position will be reached when the two trains differ in phase by 

when they arrive at D. When this occurs the flame will not flicker, 

A 

and the tube A will have been withdrawn a distance ^ When the 

' A . ■ ■ 
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Jl 

tube A is moved thi'ougb a distance ^ the path difference will be A, so 

that the waves at D will be in phase and the flame flicker, but this 

Jl 

will cease If the displacement is increased to Proceeding in this 

way several positions of the tube A may be found such that destruc- 
tive mterference occurs at D. The distance between any two con- 
X 

secutive positions is so that the wave-length and hence the fre- 
quency may be determined. 

Beats. — Suppose that one of two tuning-forks whose frequencies 
are identical is loaded with a small quantity of wax so that its 
frequency is diminished. If the two are sounded together it will 
be noticed that the resultant intensity waxes and wanes. These 
alternations of strong and weak sounds are termed beats. If the 
difference in frequency is n, then, at any point, n times every second 
the phases of the waves wiE be the same and n times per second 

Jl 

they will differ by 

Exercise. — Construct, after the manner indicated on p. 511, two] 
sine curves in which the frequencies are 8 and 9. Then construct ( 
the resultant curve formed by adding the two motions together. In ! 
this curve it will be noticed that the amplitude fluctuates in a perfectly 
regular manner. The maximum disturbance at any given point I ^ 
occurs when the two separate disturbances are in phase, while, when ; 
the on© wave-train has mad© one half -vibration more than the other, / 
the two will be in opposite phase and the resulting disturbance a ^ 
minimum—if the amplitudes are equal, the resultant amplitude is zero. 

By counting the number of beats per second when two forks are 
sounding we determine at once the difference in frequency between 
two notes. To determine which is the fork of lower frequency one 
of them is loaded. If the number of beats per second is increased 
then the fork which is loaded had the lower frequency originally, 
for the load has merely served to increase the difference in frequency 
between the forks. Care must be taken to repeat the experiment 
with the other fork loaded when the nximber of beats per second 
should be reduced. It is necessary to do this, for it is possible that 
the higher-frequency fork may be so heavily loaded that the number 
of beats per second is increased instead of being diminished as it 
would be if the load were not too great. 

Beats.— -vlnaly Let the two wave trains to be 
compounded have the same amplitude but differ slightly in frequency 
(or wave-length), i.e. they are given by the equation 

« a sin 

ya == u sin (Pa# -- 
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The resultant is therefore given by 

J/=2/i+2/s=2usin i[(Pi-\-Pz)t-(qi+qzM - cos k[{Pi-p 2 )i-(qi-qi)x} 

—2a sin .003 . Afi(t — 

^ , 2ji: 

Since, HI general, p = 2jr/, and g ~ -y, /a ~ ^7. 

Also 4- /g == 2/i, if /i and only differ by a small amount which 
we call d/i- 

The resultant motion is therefore analogous to S.H.M. but its ampli- 
tude, 2a cos ji . is variable. It is a maximum (irrespec- 

tive of sign) when ooB 7t . Afi(t — y) is ± 1. 

i.e* = njz 

where n is any integer. 

To determine the number of times per second the amplitude is 
numerically a maximum, suppose t is the time when the amplitude 
is a maximum, say n = m ; (i 4 r) the time when it is next a maxi- 
mum but in the opposite direction, say n = (m 4 1). Then 

nAfi(t 

and nAfi(t + t — ^) = (wi + 1 )3i. 

By subtraction 

nAf-i , T = jr 


•• 

i.e. the amplitude, and therefore the intensity, is a maximum 
times per second, or the number of beats is equal to the difference 
between the frequencies of the two wave-trains. 

Doppler Effect.^ — ^The apparent change in the frequency of a 
moviug source, or the apparent change in the frequency of a station- 
ary source observed by a moving hearer, is known as the Doppler 
effect. Let us suppose that a stationary source emits n waves 
per second and that these travel with velocity v ; let 1 be the 
undisturbed wave-length. Then nA — If the source moves 
with velocity u towards the stationary observer, then waves 
will occupy a distance {v — u). The disturbed wave-length, li, 
will therefore be given by = (v — u). The apparent frequency 


of the note will therefore be 


nv 


( V — u\ (v — w)- 
If the observer moves with velocity u towards a stationary 
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source, the observer will receive in one second » waves + the 
number m a length u = 7^ + -= 7i + — — — j. 


This principle can also be applied to light waves. Thus, if a 
star is approaching the earth, the light waves are apparently 
shorter, i.e. the Unes in the spectrum of the light from the star 
will be shifted towards the region of shorter wave-lengths — viz. 
lines in the visible spectrum will exhibit a shift towards the violet 
end of the spectrum. Similarly, by examining the spectrum of 
the light from the periphery of the sun,, its speed of rotation has 
been calculated; moreover, Saturn’s rings have been shown to 
be rotating more rapidly at the inner edge than at the outer. 

EXAMPLE XXXn 

1.— Explain the alteration of the pitch of a note with the motion 
of the source. An engine travelling at 60 miles per hour passes an 
observer at rest. If 580 is the frequency of the note heard when the 
engine soimds its whistle while moving towards the observer, what is 
the frequency of the note which may be heard when the engine is 
receding ? [Velocity of sound in air — 1100 ft. sec."“^.] 
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THE VIBRATIONS OF STRINGS, ROBS, AND 
COLUMNS OF GAS 

The Velocity of Transverse Waves along a Stretched String. 
—For our present purpose a string may be defined as a perfectly 
flexible uniform filament of cord or wire. Since all actual strings 
possess rigidity it is necessary to use thin strings when designing 
experiments to check our theoretical deductions since, in thin 
strings, the effect of rigidity is a minimum. (Let us assume that 
a perfectly flexible string, having a mass m per unit length, is 
stretched by a force F (absolute units).} To deduce the velocity 
of transverse waves along such a string we shall use the method 
originated by Tait. He imagined that the string was passed 



through a smooth tube of the shape shown in Fig. 33T, with a 
velocity V. The tension in the string gives rise to a pressure 
tending to straighten the tube and string, whereas the tube tends 
to increase the curvature of the string. When these two effects 
are equal and opposite the form of the curved portion of the string 
remains stationary m space, each portion of the string assuming 
this shape in turn. Relative to the string, the curved portion 
moves with a velocity V. When these conditions have been 
obtained consider a portion AB, of length Z. If the tensions at 
the ends of AB are represented by DH and BK respectively their 
resultant, P, which is the force exerted on the tube round AB, 


643 


VIBRATIONS OF STRINGS 

ia represented completely by DE. If a is the angle between 

normals AC and BC, then DE = 2.DH sin | ; hence P = 2F sin 

or Fa, when a is small. Now the centrifugal force due to 
a wr moving with a speed V in an arc whose radius is R, 

ig tMa is equal to the force due to the^ tension in 

the cord, the tube may be removed, and the velocity of the transverse 
motion is given by 


But a = ~ , so that V == 

The Vibrations of Strings.— The strings dealt with in practice 
are always of finite length and attached at each extremity to a 
rigid support, so that when a disturbance reaches the extremity 
of the string a reflected wave will be set up. Since this wave is 

reflected at a rigid wall there will be a change in phase so that 

a node is always found at the end of the string. The simplest 
possible type of vibrating string is one in which there are only 
two nodes, i.e. the length of the string is one-half the wave-length 
of the disturbance travelling along it. If Z is the length of the 
string, then X = 2Z, Since n the frequency of the vibration is 
expressed by nX = V, we have 

_ V_1 /F 

^ 21 21 y m' | 

The Sonometer.— The expression just obtained may be verified 
experimentally by means of a sonometer or monochord— 

Fig. 33*2. This instrument is said to have been in use at the 
time of P 3 rthagoras but the elementary laws of vibrating strings 

A B 


Fig. 33*2. — A Sonometer. 

were not made known until 1636. In that year Meesbijne ex- 
pressed them separately. The formula given below was established 
theoretically by Brook Taylor in 1715. The sonometer consists of a 
wooden board or box upon which two wires are stretched. One of the 
wires, see Fig. 33-2, is stretched by means of a mass supported by 
it over a pulley. The other is placed under tension by wrapping 
it round an iron peg which may be rotated by means of a wrench 
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key, as are the wires in a piano. The vibrations are confined to 
definite portions of the wires by means , of two fixed bridges A 
and B. Other small movable bridges are supplied so that any 
length of wire can be selected for use. The wooden box is a desirable 
feature since it vibrates in tune with the wire. The mass of air 
affected is greatly increased in this way so that the loudness is 
augmented. [Does this violate the principle of the conservation 
of energy ? No, for the vibrations ^e away much more rapidly 
than when the wii*e alone vibrates.] The wooden body of a violin, 
and the sounding board of a piano, behave in an analogous manner. 


Eicperiment* — To show that n cc Attach a constant load to the 

wire passing over the pulley, and adjust one of the movable bridges 
until the wire vibrates in unison with a timing fork of known frequency. 
Students having difficulty in judging the equality of two notes may 
obtain the final adjustment with the aid of a wooden disc about 4 in. 
in diameter attached to one end of a short wooden rod whose axis 
is normal to the plane of the disc. The free end of this rod is placed 
in contact with the sonometer board while the disc is pressed against 
the ear. The tuning fork is struck and held against the board. If 
the adjustment is approximately correct, beats will be heard. The 
bridge is moved until the beats are very slow, when the length, of the 
vibrating wire is recorded. The observations are repeated with other 
forks. Since theory shows that nl is constant, the verification of this 
fact may be shown by plotting log n against log I, when a straight line 
having a slope — 1 should be obtained. 


Experiment, — To show that n cc Fi, One wire on the sonometer 
board is kept under a definite tension, while various loads may be 
supported from the other. We shall refer to the first as the standard 
wire. A tension is applied to the second wire and the length 
Ai, vibrating in unison with the standard wire of frequency N deter- 
mined. The tension is increased to Fj and the length Xt vibrating 
with frequency N found. Using the result obtained above, viz. 
nl =5 constant, we may calculate the frequency of the second wire if 
it were stretched under teuision F# and its length remained /L. It is 
X ^ ^ 

given by n* ~ Net* Similarly, the frequencies of the second wire under 

different loads but with a constant length of wire vibrating may be 
ascertained. By plotting log n against log F and obtaining a straight 
line whose slope is 0*5, the fact that n oc Fi may be established. 


Experiment, — To show that n cc mr^. Determine that length of 
wire, V which, stretched by a given load, vibrates in unison with the 
fixed wire of the sonometer — frequency Vq, Bepiace the ©xpenmental 
wire by another under the same tension and again determine the 
length vibrating in unison with the standard of frequency. 

If I m the length of the experimental wire having a frequency Vo, 
then the frequency with which a length Iq of the wire would 
vibrate under the same load is given by 

I 

■ ■ ■ ■ , n »* -T-. 

4 ,■ 
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Obtain a series of snob readings and also the mass per unit length 
of the wires used. 

If nmi = constant, then 

log 4. J log m = const. 

or log Z -f I log m = const. 

By plotting log I against log m and obtaining a straight line whose 
slope is — the fact that n a m-i will have been verified. 

On Tuning Two Notes to Unison. — ^The student who has 
no musical “ear’^ will have difficulty in deciding when the fre- 
quencies of two notes are equal. If an attempt is made to tune 
a fork and string to unison, and the string is in a horizontal position, 
the following method may be adopted to indicate when the tuning 
is correct. A small paper rider is placed at the middle of the 
string and the sounding fork allowed to rest on the board of the 
sonometer. When the tuning is approximately correct the rider 
will flutter, and will be throwm off when the fork and string are 
in unison. This occurs because the fork and string are in such 
a condition that when one is sounding the other resounds. The 
experimental procedure, therefore, is to vary the length of the 
string so that the fluttering increases and the rider is eventually 
thrown off. 

The above method may also be used when two strings attached 
to the same sonometer board are to be tuned to unison. 

Another method of deciding when two notes are in accord is as 
follows. Its applicability is of a more general nature than the 
above. When two notes have approximately the same frequency 
beats will be heard ; by adjusting the frequency of one of the notes 
the beats are made so slow that they cannot be distinguished. 
The tuning is then exact, i.e. the frequencies of the two notes are 
identical. 

To Determine the Absolute Frequency of a Tuning Fork. 
— The sonometer wire, stretched by a known load, is tuned until 
it is in unison with the fork. The equality may be tested by 
listening for beats in the manner already described. The frequency 
is then calculated from the formula 



Unless a thin string is used this frequency will not be the true 
frequency of the fork, for the rigidity of the wire will produce an 
extra force tending to restore the wire more quickly to its zero 
position when vibrating, i.e. the frequency wiU be increased. 

This same equation also eiiahles us to determine the density of 
the material of a wire if a standard fork is available. The wire 
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is adjusted until in tune witli the fork, when the mass per unit 
length of the wire may be determined. If the density of the 
material of the wire is p, and r is its radius, m == Jtr^p. \ 

4 The Frequency of an Alternating Current,— A small current 
from a source of alternating current is sent along a sonometer 
wire, AB, Fig, 33*3, the central portion of which lies between the 



Fig. 33*3. — To measure the Frequency of an A.C. Supply. 


opposite poles Si, Ng of two cobalt steel magnets NiSi, NgSg, 
i,e. this portion of the wire is in a strong magnetic field, if the 
above poles are near together. The tension in the wire is adjusted 
until resonance occurs, i.e, the wire vibrates vigorously since its 
own natural period is the same as that of the alternating current. 
The frequency, /, is then calculated from the equation 

r 1 /F 

V m’ 

where I is the length of wire between the bridges of the sonometer, 
m the mass per unit length of the wire, and F the tension in the 
wire. S is a spring balance which measures F. G-clamps, Gj 
and Gg, prevent the clamps supporting the -wire from failing when 
the latter is under tension. 

y Harmonics and Overtones. — The vibrations of a wire so far 
considered have been such that there have been only two nodes 
present. The wire has then given its lowest or fundamental 
note. It can be made, however, to vibrate so that intermediate 
nodes exist. For example, if four nodes are to appear it is only 
necessary to touch the wire lightly with the aid of a feather at a 
point distant one-third of the length of the wire from one end, and 
to bow the wire with a vioHn bow at an antinode. The first 
four modes of vibration of a stretched wire are indicated in Fig. 
334. If the fundamental is Doh, the notes emitted when three, 
four, and five nodes are present are doh, soh, and doh' respectively. 

The presence of these nodes may be made apparent by placing 
small paper riders on the wire which js then bowed, while a feather 

touches the mre at a pofrit ^ th of its length from one end, where 
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n is a small integer. The riders -will be thrown off at the antinodes 
or loops, but will remain on the wire at the nodes. 

X A harmonic is defined as a note having a frequency an 
integral number of times that of the fundamental. Now 
the harmonics present in the notes from a vibrating string 

Thus, in ' a vibrating 


-The First Four Modes of Vibration 
of a Stretched String. 


Thus, in a vibrating 
wire, the first overtone 
is the second harmonic, 

the second overtone the l 

third harmonic, etc. 

The presence of over- 
tones due to a piano __ 
wire may easily^ be shown 
as follows: — ^A piano key 

somewhere near the 

centre of the board is U5||||j^^ 

pressed down and held 

in that poMtion. When Pio-SS-t.— Kie^st Foot Modes of Vibratioa 
the note has died away 

the key an octave below is struck vigorously and then released. 
The first wire will be heard vibrating. This is because it has 
picked tip notes having the same frequency as those it emits 
when vibrating. These were present in the vibrations of the second 
wire and constitute its first overtone. 

The Experiments of Melde. — ^A very beautiful method of 
demonstrating the vibrations of stretched strings is due to Melde. 
An electrically maintained tuning fork [p. 550] is clamped to a table 
as in Fig. 33*5. One end of a string about a metre long is attached to 
one prong of the fork while the other end is joined to a pan after 
passing over a pulley. The pan is loaded, the fork excited, and the 
load or length of string adjusted until the vibrating string shows 
one loop. If the load is reduced to one quarter the above value, 
two loops will be obtained ; when it is reduced to one-sixteenth, 
four loops will be produced. G-clamps serve to hold the apparatus 
in position. If for any pattern thus obtained the plane of 
the fork is rotated through 90®, everything else being kept the 
same, the wire will be found to be vibrating with twice the number 
of loops. 

The explanation of these phenomena may be obtained by consider- 
ing Fig, 33*5 (6), (c), and (d). When the prong A has made its 
maximum excursion towards B, let us assume Hhat the amount 
of sag in the string is also a maximum. As the prong returns the 
sag decreases, becomiug zero when the prong has made its ma xi mum 
excursion to the other side. When the prong returns the wire 


:::|f 


mm 


il»’ 


54a ’ ACOUSTICS 

does not sag but is carried upward in Tirtue of the inertia it possesses. 
When the prong has reached the position it formerly had in (6), 
the wire is at rest at its maximum displacement aboTC the horizontal 
—see (d). This shows that to every complete vibration of the fork 
in this position the string makes one-half of a complete vibration. 
The frequency of the string is therefore one-half that of the fork. 





Fig. 33'5.^ — Melde’s Experiment. 

When the motion of the prong is at right angles to the string, 
i.e. when the fork has been rotated through 90% the string will 
move to the right when the prong moves to the right ; it be 
at rest when the f»rong is at its zero position ; it will move to the 
left when the prong moves to the left ; i.e. the vibrations of the 
string will synchronize with those of the fork and the two 
frequencies will be equal. 
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y ^ The Transverse Vibrations of Rods.— Our considerations of 
the vibrations of strings ^ 

have been made on » / I jA^ 

the assumption that the \ ! \ / \ / 

strings are perfectly j \ / \/-Ar 

flexible, i.e. the strings J } \/ / \ ^ 

are restored to their « j - \ 

zero positions after be- * j ^ i 1 

ing displaced solely in j j / \ \ " 

virtue of the tension in i } / \ \ / 

them. The opposite 1 j I ! . Wz 

extreme is that of a ii i / \ 

vibrating rigid rod. u \ j ^ / \ 

Here there is no tension i [ \ j \ lA^ 

along the rod and the - \ / \ / 

restitution is brought 

about by the rigidity of ^ ^ ^ - 3 

the material of therod. Oal Enf " 

The vibrations of a rod 

fixed at one end executing its fundamental and first two modes 
^ „ of vibration in 


-Transverse Vibration of a Rod 
fixed at On© End. 




addition to the 

A ^ fundamental are 

(a) indicated in Fig. 

33-6, but a full 
treatment of the 
j jjjr subject shows that 

they are not exact 
harmonics of the 
fundamental. 

TuningForks. 
— ^When a solid 
rod is supported 
V J a>t two points, 

Ni and Kg. 

and 

caused to execute 

— — — ---r transverse vibra- 

^ tions these two 

^ ^ ^ isr points become 

[ ^ ^ nodes — there may 

be other nodes 

intermediate between these and on each side of them, but the 
important feature about the motion is that the two ends 
are always moving in the same direction at the same time. 


wlii 

fcf 
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Wlien the bar is sounding its fundamental there are only two 
nodes. 

If a rod is gradually bent at its centre, the two nodes, when 
the bar is soun^ng its fundamental, approach the centre of the 
bar as the bending increases — see Fig. 33*7 (6). When the two 
portions of the rod are parallel the nodes are very close together 
and the motion is that of a tuning fork. This method of examining 
the nature of the vibrations due to a fork gives us the reason why 
the prongs of a fork always approach or recede from each other. 

Tuning forks play an important part in the study of sound 
because a properly designed and constructed fork furnishes us with 
a ready means of obtaining a note which is practically free from 
overtones providing it is not bowed too vigorously. It is always 
difficult to excite these overtones, and even when they are produced 
they are very feeble and die away much more rapidly than does 
the fundamental. 

/ Electrically Maintained Forks. — Sometimes, however, it is 
necessary to have a fork which shall emit a note continuously for 


WM 



Fia. 33*8. — Electrically Mamtairied Tmiing Fork. 

some time. For low notes, when the prongs are long and heavy, 
the vibrations may last for a minute or more, but the higher notes 
from forks having short prongs die away much more rapidly. In 
either instance they may be maintained electrically as follows 
The tuning fork is rigidly mounted in a brass collar A, Fig. 33*8, 
while an electromagnet, B, is placed symmetrically between its 
free ends. One prong carries a small platinum style which rests 
in contact with a platinum disc 0 when the fork is silent. G is 
attached to a screw so that its position with respect to the style 
may be varied by rotating the head of the screw. T j and Tg are 
two terminals. The electrical circuit is completed as indicated by 
dots, the current passing (with the usual convention with respect 
to its direction) from the battery through the electromagnet to 
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Tj ; from thence to C and through the fork to the piEar A and the 
terminal T^. When this is occasioned the magnet is excited and 
attracts the prongs of the fork, thereby breaking the circuit. The 
prongs then move back, contact is made at C, and the whole process 
continued. 

The Longitudinal Vibrations of Rods. — Solids, in addition 
to executing transverse vibrations when suitably stimulated, may, 
like gases, execute longitudinal vibrations. The frequency of such 
vibrations is independent of the tension along the rod, for when 
a particle is temporarily displaced from its position of rest the forces 
tending to restore it arise in virtue of the elasticity of the material 
of the rod. We have already stated that the speed of longitudinal 

/w 

waves is given by V = where E is Young’s modulus and p 

the density of the material through which the waves are propagated. 

When a rod is clamped at its centre there must be a node at this 
point, and when the fundamental is being sounded the free ends 
must be antinodes or loops. The wave-length of the sound in the 
rod will be twice, the length of the rod since the distance from 
node to loop is one-quarter of a wave-length and this is half the 
length of the rod in the present instance. 

Vibrating Columns of Gas. — Columns of gas enclosed in tubes 
of uniform bore may be caused to vibrate longitudinally in a manner 
exactly analogous to rods executing longitudinal vibrations. Two 
types of gas column present themselves : (a) when the containing 
tube is closed at one end— the so-called closed tube, and (6) when 
the containing tube is open at both ends. This latter is termed 
an open tube. 

Let AB, Fig. 33*9 (a), be a tube closed at one end. Let the length 
of this tube be equal to one-quarter the wave-length of the note 
emitted by a given tuning fork. If this vibrating fork is held at 
the mouth of the tube, then when the prong of the fork is about 
to leave the position OD and travel towards OC [greatly exaggerated 
in the diagram] a compression just begins to pass down the tube. 
This compression travels to the end A where it is reflected as a 
compression [cf. p. 535]. When this compression reaches the open 
end of the tube the prong of the fork is just about to return from 
OC to OD, so that the layers of air immediately outside the 
tube are more readily moved: the compression passes out- 
wards. A rarefaction then begins to move down the tube and this 
in turn is reflected from A. When this arrives at B the external 
air moves toward the rarefied layers and a compression is sent down 
the tube. Since the length of the tube is sucii that the time for 

T ' 

a wave to travel from B to A and return again is where T is 
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tile period of the fork, the compression sent down the tube after 
the &st rarefaction has left will begin its journey at the instant when 
the fork itself is sending a compression down. The compression 
due to the reflexion at the open end and that due to the sounding 
fork will be identical in phase so that the column of gas in the tube 
will be caused to undergo violent stationary vibrations oi thQ same 
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[It must be pomted out that the vibrations are longitudinal and not 
as shown for convenience in the diagram.] 

frequency as the fork. There will be a node at A and an antinode 

' T 

at B. If AB = I, the waves travel a distance 21 in time so* 

A 

that its wave-length, the distance travelled in time T, is 4Z. 

V 

The frequency, of the fork is-^’ When a column of air vibrates 

in sympathy with a fork it is said to be in resonance with the fork, 
The same column of air may also be in resonance with a fork of 

3V,' 

higher frequency % if the length I is such that I = I*®* % = “jj - 

See Fig. S3’9 (6). Similarly if I = the tubes will respond to a 
5V ■ 

note of frequency % = When the tube is open at both ends, 
as in Fig. 33*9 (c), the simplest possible longitudinal vibration which 
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can arise wiU have a node at the centre of the tube and two antinodes, 

one at each end. In this instance a compression is reflected from 

A as a rarefaction which is then returned from B as a compression. 

If the period of the fork is such that a wave travels from B to A 

and back again in time T, then the compression from B due to 

reflexion, and the direct compression due to the fork will begin 

to travel down the tube together ; since they are in phase the 

vibrations of the tube will become vigorous. The same tube can 

also respond to another fork if its length is such that stationary 

waves having three antinodes and two nodes as in Fig. 33*9 (d) 

are produced. Using the same notation as before 

, . V , 2V SV , 

i 1 . 6 , % Similarly % ==— , etc. 

These equations indicate an important difference between the 
fundamental and overtones produced with columns of gas in open 
and closed tubes. In the first instance the only overtones are odd 
harmonics of the fundamental, while in the second all the harmonics 
may be present as overtones [cf. p. 547]. Hence although an 
open and a closed pipe may be made to emit the same fundamental 
note the quality will be very different in the two instances. 

The Measurement ofi by Resonance Tubes. — The apparatus, 
Fig. 33*10 (a), consists of a tube AG about 5 cm. in diameter and a 
metre long. It is connected 
at its lower end by means of 

rubber tubing to a reservoir R i r I 

containing water (or better a ] [ 

light oil having a negligible I | 

vapour pressure). The 1 

reservoir is raised until the j | I 

water stands near to the top ! W | i f 

of the tube. The clip E is | 

adjusted so that when the - 1 

reservoir is lowered the water :| i - 

flows slowly from the tube. 'i...d£:d 

While this is happening, a 

sounding fork is held over the || . : 

tube, Wh^ Y 

in the tube is at some par- u jj . 

ticular and well-defined posi- 
tion the air in the tube 

responds to the vibrations of PIQ. ss-iG.-CSosed Eesommoe Tabes, 
the fork. Let B be this posi- 

1 * 

tion. Now the length AB is tiot exactly - since the simple theory 
developed above is only approximate. We assumed that the 
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open end is an antinode. Lobd Rayleigh showed that the 
antinode is situated at a short distance outside the tube. The 
magnitude of this end correction is 0*58 r, where r is the radius 
of the tube. Actually there is no need to assume the value of 
this correction for the real wave-length and the end correction 
may be determined as follows 

Water is allowed to escape from the tube until it responds again 
to the fork— say at C. Then if li and 4 are the lengths AB and 
AC respectively, we have 

(Ji + 0) = j and (i, + 0) - etc. 

A 

where 0 is the correction in cm. Hence (4 — 4 ) = £* equa- 


tions enable both X and $ to be obtained. The end correction, in 
terms of r, is then deduced. 

If desired, one may dispense with th^ clip E, and when a position 
of resonance has been located approximately, the water-level in 
AC may be caused to change slowly by raising or lowering a boiling 
tube, T, placed in the reservoir R as shown. 

As an aid to locating the positions at which the tube responds 
to a given fork, i.e. the tube speaks,” the fork should be moved 
slowly in a horizontal plane across the mouth of the tube. When 
the length of the air column in the tube is appropriate, the response 
of the tube is very noticeable. 

Another form of apparatus often used in this connexion is shown 
in Fig. 33-10 (5). 

Open Resonance Tubes and the Determination of A.— AB, 

Fig. 33-11 (a), is a glass 
tube open at both ends. 
Its length must be less 
X 

than where X is the 

wave-length to be deter- 
mined. G is a cardboard 
tube sliding over AB. 
The given fork, while 
sounding, is held near one 
end of thetube— or better, 
moved slowly across, as 
above— and the amount 
by which G projects ad- 
justed until the tube 
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(C) 

-Open Resonance Tubes. 


speaks.” The length of the tube 4s 


0 is the correction for each end of the tube. 




4, say, where 
oard- 


D is a se^nd 
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boaid tube — see Fig. 3341 (6) — and it is adjusted until tbe tube again 
speaks. The total length of the tube is then (1 — 28) = 1^, say. 

X 

The diJOTerence 


Eig. 33*11 (c) shows the next position of the tubes E and E 
(they may have to be longer than C and B) when the tube speaks. 


The total length is 



=i 3 , say, and X 


Experiment,---lScs.S8mmQ the effect on d of covering the end of a 
closed resonance tube by sheets of copper in each of which a hole, 
of different diameter from the rest, has been made. 


Resonance.— When a body whose natural frequency is 
m subjected to a periodic force having a frequency the resulting 
motion depends upon how nearly the impressed frequency 
equals Tti. Let us assume that a pendulum, initially at rest, and 
whose natural frequencyis one per second,is subjected to a succession 
of smaU blows at intervals of 1*01 seconds. This constitutes an 

intermittent impressed force having a frequency After the 


iSxst blow, the pendulum begins to move with its own frequency, 
but when it receives the second blow it wiU have made more than 
one complete vibration and be moving in the direction along which 
the impressed force acts. Consequently its momentum will be 
increased so that it moves beyond its initial maximum displacement. 
This process will continue for some time, the amplitude being 
increased after each blow. At the twenty-sixth blow the pendulum 
will have made 25^ complete oscillations, i.e. it will receive the 
blow at an extreme position. At the twenty-seventh the pendulum 
will be moving in a direction opposite to that in which the blow 
is struck so that its amplitude begins to decrease. Gradually the 
pendulum will be brought tq rest, after which, the whole cycle of 
events will be repeated. 

When the difference between the natural frequency of the fork 
and that of the blow gets less, the pendulum will execute more 
complete oscillations before the blow begins to reduce the amplitude 
of its swing. Meanwhile, if the magnitude of the blow remains 
constant, the amplitude will have continued to increase after each 
blow. In the limit, when the two frequencies are equal, the magni- 
tude of the oscillation would become infinite. 

When the impressed force is periodic instead of being inter- 
mittent, the body subjected to its influence may be set in a periodic 
motion. When the period of the impressed force is the same 
as the natural period of the body very energetic oscillations of the 
latter will be produced. This is an example of resonance. If 
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the natural period of the body does not agree with that of the 
applied force the vibrations set up will, in general, be of small 
amplitude and the period will equal that of the impressed force. 
When a body is performing vibrations not agreeing with its own 
natural period the vibrations are said to be forced. On removing 
the impressed force the body will continue to vibrate in virtue of 
the inertia it possesses, but the period mil be equal to the natural 
period of the body. 

A study of resonance phenomena is of great importance to the 
engineer, for, if the period of even a small, impressed force agrees 
with that of the body to which it is applied, the amplitude may 
attain such values that a fracture ensues. It is for this reason 
that a regimeift of soldiers always breaks step when crossing a bridge. 
Similarly the effect of resonance may be very pronounced in ships 
fitted with reciprocating engines. If the period of the reciprocating 
masses is identical with the natural period of the hull the amplitudes 
of the motion of the latter may become dangerous. It is therefore 
essential to see that the two periods do not coincide. 

Some Examples of Resonance and Forced Vibrations.-— 
(a) Let two forks of equal pitch and mounted on their resonance 
boxes be so placed that the open ends of the latter face each othen If, 
after one has been bowed and allowed to sound for a short time, it is 
stopped, the second fork will be heard although initially it was silent. 

(6) Support an indiarubber tube AB, Fig. 33*12, about one metre 
long, at its ends as indicated,, and suspend three simple pendulums 



CD, EP, and HG from points C, E, and H respectively. Adjust 
CD and HG so that their lengths are equal. Full CI> forwards, 
so that when released it vibrates in a plane at right angles to the 
diagram. The ^*hbe AB acts as an intermediary for the trans- 
mission to the other pendulums of the energy due to the vibrating 
pendulum CD, Since the periods of the two pendulums CD and 
HG agree the amplitude of the latter will increase until it has 


VIBRATIONS . OF COLTOIN'S OF GAS 


557 


absorbed all the energy initially possessed by CD [except for small 
inherent losses]. CD will then be at rest and HG vibrating with 
an amplitude practically equal to that of CD originally. CD 
will then begin to receive energy and its amplitude increase until 
HG has been reduced to rest; the process continues until the 
energy has all been dissipated as heat in overcoming frictional 
and other resistances. The pendulum EF, having a period differ- 
ent from those of CD and HG, only executes forced oscillations 
of hardly perceptible amplitude. This is aU the more remarkable 
when EF is placed, as in the dia^am, between the other pendulums* 

(c) A remarkable instance of forced vibrations occurs when two 
clocks which keep approximately the same time when placed on 
different stands maintain the same time when on the same stand. 
The pendulum of the clock which gains normally exerts a periodic 
force on the second so that the two periods tend to become equal ; 
the second* clock exerts a similar effect on the first so that even- 
tually the two periods are equal and the clocks synchronize. 

Organ Pipes. — These are wooden or metal tubes having a 
square or circular cross-section, A “ stopped diapa- 
son,’* an organ pipe of wood and of rectangular 
section, is indicated in Fig. 33*13. The wind at a 
constant pressure of several inches of water passes 
into the mouthpiece, M, and escapes from the linear 
slit 0. It then impinges upon the edge E formed by 
bevelling the wall of the pipe. An adjustable piston 
S closes the pipe whose “ speaking length ” is from S 
to a point somewhere in the neighbourhood of 0. The 
air blast, on striking E, gives rise to “edge tones.” 

If the length of the tube is such that the tube responds 
readily to one of these tones, the tube “speaks.” 

The movement of the air is a maximum at the mouth 
so that this becomes an antinode. The other end be- 
comes an antinode or node according as the pipe is 
“ open ” or ‘^ stopped.’* The simple theory we devel- 
oped in connection with vibrating columns of gas 
does not apply in this instance owing to uncertainties 
regarding the end correction at the lip. The tuning 
must therefore be done experimentally. This is accom- 
plished in closed pipes by varying the position of a 
movable piston which serves to close the tube. With 
open pipes the tuning is done by raising or lowering a 
flap placed at the open end of the pipe so that the end 
correction is altered: this causes a change in the Fig.33*13.—- 
pitch of the pipe. Organ Pipe. 

Open organ pipes normally emit both the even and odd 
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harmonics of the fundamental, whereas closed pipes only sound 
the fundamental and its odd harmonics. Thus an open and a 
closed organ pipe emitting the same fundamental differ in quality 
owing to the different overtones which arise in each [cf. p. 547]. 
The harmonics are produced in organ pipes by increasing the air 
blast, but organ builders have various devices for suppressing one 
or more of the harmonics. It is in this way that a definite quality 
is given to the note emitted by a pipe. 

Galton’s Whistle. — In its simplest form this resembles a stopped 
pipe. It is about 1 mm. in diameter and its length may be varied 
from zero to 5 cm. The whistle is blown and the frequency of the 
note adjusted by moving a piston which closes the tube. Notes 
beyond the upper limit of audibility are easily produced. 

Manometric Flames. — ^To study the variations in pressure in 
an organ pipe a circular aperture is drilled at any desired point in 
the wall and then covered with a rubber diaphragm, A, Fig. 33*14. 



Fig. 33*14r. — Manofaeter Flames, 


This membrane constitutes one side of a small chamber C into 
which gas is led. The gas escapes through a small orifice where 
it is burned. If the air pressure at A suffers a momentary change, 
a corresponding change takes place in the length of the jet since 
the membrane moves in consequence of the pressure variation. If 
the changes in pressure are periodic the length of the jet also varies 
periodically. In general, these are too rapid to be followed with 
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the unaided eye, but they may be made apparent by using a rotating 
mirror, E, Fig. 33 •14. Owing to the persistence of visual impressions 
a number of imagea appear simultaneously in the mirror when 
it is rotated sufficiently rapidly. When the manometric flame is 
at an antinode an almost continuous band of light seen in the mirror 
shows that the pressure variations are scarcely detectable at this 
point, but when the flame is at a node the upper edge of the image 
possesses a deeply serrated edge showing that the flame is flickering 
rather violently. It must be noted that the membrane responds 
to variations in pressure, and these are greatest at the nodes, 
where the actual displacement is a minimum. 

Rubens’ Tube. — ^Another method of demonstrating the presence 
of nodes and antinodes in a vibrating colunm of gas is due to Rubeists. 
BC, Fig. 33-15, is a brass tube several metres long and about 8 cm. 

^ 

Ip , - - - ^ J 

Eig. 33*15. — Rubens’ Tube. 

in diameter. Holes about 2 mm. in diameter are drilled along the 
top of this tube at intervals of about 2*5 cm. One end, B, of this 
tube is closed while a second tube about 50 cm. long slides in the 
open end. A thin rubber membrane A closes the open end of the 
shding tube. The side tube, C, is connected to a coal-gas supply 
and after a little wMle the gas may safely be lighted. A source 
of sound is placed near A and the position of the sliding tube adjusted 
until the gas in AB resonates : at the instant when this occurs the 
jets of gas vary in length as indicated in the diagram. 

Kundt’s Tube. — This piece of apparatus was designed for 
measuring the velocity of sound in solids and in gases. For this 
purpose use is made of the fact that longitudinal vibrations are 
set up in a long rod when the latter is stroked with a resined cloth. 



Fig. 33.16.— Kundt’s Tube. 


The apparatus consists of the rod, AC, Fig. 3346, supported in a 
rigid stand at its centre E. A light aluminium or cardboard disc 
is fastened with the aid of a drawing-pin to the end of this rod 
inside the tube. If the^ rod is of metal the attachment may be 
made by means of a small brass disc and a No. 6 B.A. screw. It 
is very important that the contact between the rod and the disc 
should be as perfect as possible, so that any longitudinal vibration 
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excited in the rod shall be transmitted to the disc. To ensure 
this the disc may be made of copper and soldered to a short length 
of brass tube which just slips over the end A of the rod. The 
attached disc has a diameter a little less than the tube AB which 
contains a little recently dried cork dust. The tube is closed by 
a movable piston at B. To determine the velocity of sound in 
the rod the latter is stroked with a resined cloth. To excite the 
fundamental note it is better to confine the rubbing to the rod near 
C, for if it is stroked near E the overtones are often excited. The 
piston at B is moved until the column of air in the tube is in 
resonance with the rod. When this happens the cork dust is 
agitated somewhat violently and moves towards the nodes whep 
it finally settles, for stationary waves have been produced in the 
tube. The positions of the nodes are located on a metre scale 
at the side of the tube. The mean distance between two nodes 
corresponds to half a wave-length in air [cf. p. 11 for method 
of calculating the mean distance — a sufficient number of nodes 
are formed]. Since the rod is sounding its fundamental its 
whole length corresponds to haK a wave-length of sound travelling 
in it. Since the frequency is the same for each motion we have, 
where and A 2 are the wave-lengths in the rod and air respectively, 
Velocity of sound in the rod __ ^ 

Velocity of sound in air ~ ^ 

Hence the velocity of sound in the rod may be calculated. When 
this is known the value of Young’s modifius for the material of 
the rod may be deduced from the equation 

V = [cf. p. 651]. 

The side tubes attached to the experimental tube allow the 
latter to be filled with different gases when the velocity of sound 
in them may be determined in an analogous manner. When this 
information has been obtained, y, the ratio of the specific heats 
of the gas becomes known for 



[of. p. 522]. 


For monatomic gases such as argon, helium, and the vapours 
of mercury, sodium, and potassium, experiment shows that y = 1'66, 
a value in agreement with that deduced from the Kinetic 
Theory of Gases, By surrounding the tube with an electric furnace 
the velocity of sound in gases at high temperatures may be measured. 
Such studies are helpful in connection with the dissociation of gases 
at high temperatures for the values of y for monatomic, diatomic, 
and triatomic gases are B66, 141, and 1*29 respectively. If y is 
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not equal to one of these values it proves that the gas under examina- 
tion contains molecules having a number of atoms in them different 
from the number normally present. 

Singing Flames. — A piece of glass tubing about 40 cm. long 
is heated and dravm out until the jet formed on breaking it is 
about 1*5 mm. in diameter. It is connected to a gas-supply ahd 
the gas lighted. When this flame, which should be about 0*5 cm, 
long, is inserted in a wide glass tube about a metre long, and its 
position gradually changed, a loud and somewhat unpleasant note 
is heard for a certain position of the jet— the shorter the flame, 
the higher the pitch of the note. On'*examming the flame by a 
rotating mirror it is found to be flickering violently. A more 
advanced treatment of the subject than can be given here shows 
that these periodic changes in the length of the flame are due to 
periodic supplies of heat to the air column. In consequence of 
these the air expands and contracts so that if the period of these 
is properly timed the column of air is thrown into violent and 
sustained vibratipns. 

Analytical Treatment of Stationary Waves. — (i) Reflexion at 
a free end, Le, reflexion without change of |)/iase.--^uppos© that 

= a sin (pi — ga;) 

gives the displacement at a point A at distauce x along a cord of 
length I at time i. This point is at a distance (Z — £c) from the free 
end. Now the disturbance at x due to the reflected wave is the same 
as that at a point distance 2(Z — a;) from A would be if the cord were 
unlimited. This point is at a distance 2Z — a? from the origin. The 
displacement due to the reflected wave is therefore 
2 /a a sin [pi ~ q(2l — a;)]. 

The resultant displacement due to the incident and reflected waves 
is therefore ^ 

p = 2 /^ q- 2/2 = a sin (pi — qx) + a sin [pi — g(2l -- x)] 

= 2a sin (pi — ql) cos q{l — x) 

The factor cos q{l — x) depends, for a given cord, only on x, the 
position of the point considered. When it is zero, the resultant dis- 
placement is zero. The necessary condition is that 

q{l-x) = (2n + 1)|- 

or {I — x) = (2n “F I)j since g 

a; « Z — i(2n -f I)A 

where n is a positive integer including zero. 

The nodes, i.e, the points where the amplitude is zero at all times, 
are therefor© given by 

X — JA, when w « 0 
a? ■ when- n s='l 

,a? « ■! — ..fA, , when, n 
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The amplitude of the resultant motion is 2ct sin {pt — ql ) ; a qnam 
tity which is not constant — -it has a maximum value 2a. 

(ii) Reflexion at a flxed end, i,e. reflexion with change of phase. 
To examine the effect of this change in phase we must increase the 

A 

distance (21 — x) used above by The resultant displacement is 
therefore given by 

y = a sin (pt — qx) + a sin — q(2l — a; -f 

«« 2a sin , cos ^q(l —x) + 

The condition for the cosine factor to vanish is 

g[{? - se) +4] = + l)f> [« = 0> h 2, . . .]. 

.. wA 

*j.e. X = Z — y. 

When n ^ 0, X ^ I, i.e. the fixed end is a node. 


,, M- — 1, aj — ^ 2* 

,, n = 2, a; ~ Z — A, . . . 

Thus the positions of the nodes are again determined : the antinodes 
occupy positions half-way between the nodes. 

The Main Features of Stationary Waves.— (i) Each particle 
executes a simple harmonic motion, except that the particles at the 
nodes remain fixed. 

(ii) The arrangement of the particles (we still think of a cord) at 
any instant is that of a sine curve but twice in each period this ouirv^e 
becomes a straight line, i.e. the amplitude is zero at aU points. 

(iii) The wave-form does not advance : it only shrinks to a straight 
ligie all ordinat# diminishing simultaneously. It then expands, all 
ordinates being reversed in sign and enlarging simultaneously. These 
processes continue. 


The Mbasuebment of Feequbi^oy ^ 

The Siren. — This method of finding the frequency of a fork is 
due to Cagijiaed »b IaA Toxte. Air under pressure is forced into 
a cyMndrical wind chest, Fig. 33*17, from which it escapes through 
a circular row of equidistant holes drilled in its upper surface. 
Above this cylinder is a movable disc having the same arrange- 
ment of holes in it. In the more simple types of this apparatus 
the two sets of holes are inclined as shown at (6). The air 
escaping from the stationary holes sets the (hsc in rotation and 
each time the orifices come opposite each other jets of air 
^ cf. also pp. 546. 
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escape and' compressions are 

produced. If there are N holes ji ” j : 

in each disc and the upper disc ' Ijj^" % L. 

makes revolutions per second | : | \ 1) 0 ^ 

the frequency of- the note pro- ^ f 

duced is N72. The value of w is j|| 

found from the speed-counter i[ rm "Tnijj 

connected to the axle through a i 

worm gear. To determine the ; - ' ■ 

frequency of a fork the air pres- ' 

sure is adjusted until the notes ;|| [ I |l 

from the fork and, siren are in ' ■ 3 

unison. In deducing the speed 

of revolution, observations of\ | " iPHIl 

the reading on the counter should i| I 

be made at intervals of 15 ^11 I J 

seconds and the mean speed cal- ;j 

culated by subtracting the first 

reading from the sixth (say), the ^ 

second from the seventh, etc., as 

explained on p. 11. n || 

Determinations of frequency || || 

with the above siren are not j| |j m 

very accurate since it is difficult 
to keep the wind pressure con- 

stant. In the more modern forms ^^€((((((€«« ^ 
of this instrument the apertures ^ ^ ^ 

are vertical and the disc is driven ^ a 

by a motor when its speed is 

independent of the air pressure in the cylinder, 
f ^ Stroboscopic Method.— Light metal plates are 
“ attached to the prongs of an electrically maintained 
tuning fork as in Fig. 33-18. Each plate has a narrow 
rectangular slit. When the fork is not vibrating the 
two slits are opposite each other so that a beam of 
light can pass through them. When the fork is sound- 
ing it is only when the prongs are in their mean posi- 
V\^/ passes through. This occurs twice 

^ during each complete vibration of .the fork, A weU- 
illuminated white disc having a circular row of black 
J dots is viewed through the slits. The disc is driven 
Tig. 33 - 18 .— Q't a uniform speed determined by a counter attached 
^ i ^ g to its axle. When both the prongs and disc are 
SHte in general, appear to move, 

tached* The Speed of the disc is adjusted from zero until in the 


(b) 

Fig. 33-17.— a Siren, 
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interval while the light is cut off one dot moves into the position 
just previously occupied by its predecessor. Let w be the frequency 

of the fork so that its period is and let the disc make Ni revolutions 
per second : then, if m is the number of dots, the disc makes ~th 


of a revolution in time — seconds. 


But this is equal to ^ 


2n 


Consequently 

1 1 Ntm 

2n 2 

Strictly speaking, the value of the frequency obtained by this 
method is not the absolute frequency of the fork, for the latter 
carries metal pieces. To determine the absolute frequency, two 
nearly identic^ forks are necessary ; by counting the nuniber of 
beats occurring per second when the second fork is sounded together 
with the fork under investigation, (a) when the latter is loaded 
and {b) when it is not loaded, its absolute frequency may be deduced. 

In this experiment one must be quite certain that when the 
dots appear stationary they are at the same distance apart as 
when the disc is at rest, since if the speed of the disc is only 
one-half the correct value, a stationary pattern with twice the 
number of dots appears — ^this is due to persistence of vision. More- 
over, as the disc increases in speed, a stationary pattern is formed 
when its speed is two, three, etc, times too fast. By observing, 
in turn, the speeds of the disc, when stationary patterns are pro- 
duced, a mean value for the frequency may be calculated. 

The Phonic Wheel. — This device for the accurate determination 
of frequency is due to Rayleigh. It consists of an iron wheel, 



about 3 Inches in diameter, having equidistant studs or cogs on 
its periphery — see Eig* 33 *19. It is capable of revolution about a 
horizontal axis. A second wheel attached to the same axis helps 
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to increase the inertia of the system. Two electromagnets are 
placed as shown so that the cogs almost touch the cores of the 
magnets, N and M ; they are excited by the intermittent current 
from an electrically maintained fork. The phonic wheel is caused 
to rotate by hand. At a certain speed the wheel will continue to 
run and by counting the revolutions made under these conditions 
the frequency of the fork may be determined. The reason for 
the continued motion is that when the frequency of excitation of 
the magnets is equal to the number of cogs passing per second, then 
as each cog is coming before the magnet it will be attracted and 
the motion persist. The motion of the wheel can be maintained 
for one hour so that if the time is measured accurately to one 
second the error should not exceed one part in three thousand. 

Determination of the Pitch of a Tuning-Fork by the Fall- 
ing Plate Method.” — ^We shall suppose that an electrically main- 
tained tuning-fork A, Fig. 

33-20 (a) and (6), is available. ^ 

This is mounted in a horizontal 0 ^ T / \ 

position as indicated in the ^ ^ 

diagram. A light style, B, a g 

consisting of a pig’s bristle, is ^ 
attached to one prong of the ^ ^ ^ 

fork so that about 3 mm. of ^ ‘ -r 
the bristle project beyond the 
' edge of the fork. Such a style 
is light, and yet although it 
yields easily to a force at | 
right angles to its length it 
returns to its zero position 
when that force is removed. II, I 

The attaciiment of the hair to 

the fork is made with a small W b a Plan 
amount of soft wax. The end 

of the bristle is in contact lIxI { 

with the smoked surface of a 

glass plate G. This plate is Cr~^“tA 

supported by a piece of cotton ^ uA/ \ A \ / \ Jc ^ 

attached to its sides [[a suit- (jumyesj iy (Tuvat'es) 

able brass holder is provided (d) 

for this purpose] and passing Fig. 33-20.— Falling Plate Apparattis 

over two hooks. Hi, Hg ; Fig. for Determining the Frequency of 

33*20 (c), gives a jfront view a Fork. 

of the plate and its supports. Sj and Sg are two screws fixed 



(a^> 

Side 

Elevation 


of the plate and its supports. Sj and Sg are two screws fixed 
in the stand carrying the apparatus. They are adjusted so that 
their ends are in contact with the hack surface of 6, and the 
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end of Si is a very short distance in front of a vertical plane pass- 
ing through the end of Sg and parallel to the plate. In this way, 
when the plate falls, its smoked surface is made to remain in con- 
tact with the extremity of the bristle. A duster placed on the 
base of the stand arrests the fall of the plate. 

The tuning-fork is excited and the cotton supporting the plate 
burnt. A wavy trace appears on the plate, and from this trace the 
frequency of the fork may be deduced. An example of such a 
trace is given in Pig. 33*20 {d). If the initial part of the curve 
is not very distinct it may be neglected by proceeding as follows. 
Imagine a straight line drawn down the centre of the trace and 
let A, B, and C be three points at which the wavy line is inter- 
sected by the straight line, and such that the same, number of 
complete vibrations has been made in the two intervals AB and 
BO. Let this number be n. If the velocity of the plate at A 
was ^0 and the time required to make n complete waves ty then 

where Sj is the distance AB. Similarly 

^2 == vji + Igt^ 

where is the distance BC, and is the velocity of the plate 
at B, viz. ^0 + 9^- 

Hence = gfi, 

so that if g, the acceleration due to gravity, is known, the time 
for the fork to make n vibrations may be calculated. The fre- 
quency of the fork, i.e. the number of complete vibrations it makes 
per second is n -^L 

It must be remembered that this experiment determines the 
frequency of the fork when it is loaded with the wax and style. 
The method of obtaining the correction on this account is explained 
in connexion with the stroboscopic disc. 

Lissajous’ Figures. — ^An optical method of examining the 
accuracy of tuning of some interval (unison, octave, etc.) between 
two forks requires the apparatus shown in Fig. 33*21 (a). The 
two forks A and B are arranged so that their prongs are mutually 
at right angles. Mj and M 2 are small very plane mirrors attached 
to the ends of the prongs of the forks nearest together. 0 is a 
small circular aperture illuminated by an electric lamp. G is a 
converging lens so arranged that the light from 0, after falling on 
Ml is reflected to Mg, and finally forms an image on a screen, S. 
Suppose that axes parallel to the directions of the prongs are 
constructed on the screen — see Fig. 33*21 (6). Let Oa: be parallel 
to B and Oy parallel to A. Let the spot of light be brought to 
a focus at the origin of above axes when both forks are silent. 
If A alone vibrates the image will be drawn out into a straight 
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line along pOt/' ; if B vibrates by itself the image is a short line 
xOx\ 

When the two forks vibrate together and they are in nnison, a 
stationary pattern with its centre at 0, Fig. 33-21 (6), is formed 
if the amplitudes of the forks remain constant. This jSgure will 
be an ellipse, circle, or straight line, depending on the phase differ- 
ence of the two motions. If the unison is not exact the pattern 
slowly changes from one of the above three types to the others 
and fimally regains its original shape. Suppose that this occurs in 
t seconds. Then in this time one fork has made one more vibration 




w 

(b) 


B 


Fig. SS-Sl.—Lissajous* Figures determination of 


than the other. Let the frequencies of the two forks be and 
where Then 


When the interval between the forks is an octave, the pattern 
produced is not so simple, but a cycle of changes occms and the 
ratio of the frequencies may be found as above. 

This method is applicable when the above ratio differs from 
unity by 1 part in 10^ but with such forks it is essential that no 
mirrors should be attached to them — ^the polished sides of the 
prongs may be used as reflectors. 

Supersonics or High-Frequency Sound Waves. — Supersonic 
waves are exceedingly short waves of sound the frequency being so 
high that they are a long way beyond the upper limit of audibility. 
Such waves possess some remarkable properties. The method of pro- 
ducing supersonics was originaUy developed by Lahgevih in 1917. 
The work was undertaken with a view to detecting the presence of 
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submarines by the echo of a narrow beam of high-frequency sound 
waves from them. Before discussing some of the properties of such 
waves, let us see how they may be produced. 

The Piezoelectric Effect. — Quartz crystals appear in the form of 
hexagonal prisms with hexagonal pyramids at each end. Very often 
other faces are developed, but they do not con- 
cern, us here. Although perfect crystals never 
occur, we can always imagine that such a crystal 
has been cut or that its outline has been drawn 
on a natural crystal. It must also , be pointed out 
that any direction in a crystal parallel to a 
direction or axis referred to below is equivalent 
to the axis itself. 

An ideal crystal of quartz is indicated in Fig. 
33*22 (a). The optic axis is a straight line passing 
through the summits of the pyramids — or any line 
parallel to this. Let us imagine that a plate with 
its faces normal to the optic axis has been cut 
from the crystal. If straight lines E, Bi, and 
Ejj, are drawn parallel to the faces of the prism, 
these are the electrical axes of the crystal. In 
Fig. 33*22 (6), there is shown a plate of quartz 
with its length, I, normal to on© of the electric 
axes and to the optic axis, its breadth, 6, parallel 
to the optic axis, and its thickness, t, parallel 
to the above electric axis. Wlien such a plate 
is subjected to a pressure normal to its faces 
charges of positive and negative electricity are 
developed on the opposite faces. Thus there is a 
potential difference between the two faces of the 
plate. The signs of the charges are reversed 
when the pressure is replaced by a pull, i.e. the 
crystal is under tension. This phenomenon is 
known the piezoelectric effect n 
If the faces of the quartz plate are in contact 
with metal sheets connected to a battery then the quartz expands or 
contracts by an amount dependmg on the strength of the field— the 
direction of the field determines whether or not there will be an 
expansion or contraction. This phenomenon is termed the inverse 
piezoelectric effect. Only crystals which are asymmetrical exhibit 
these effects. 

If the applied potential difference is periodic, the quartz plat© 
alternately contracts and expands and elastic vibrations are set up. 
When the frequency of the applied potential difference is equal to the 
natural frequency of the crystals for longitudinal vibrations in it, the 
amplitude of the elastic vibrations becomes very large— another ex^ 
ample of the phenomenon known as resonance. If v is the velocity 
of such waves, then the thickness of the plat© will be equal to P, 
where X is the wave-length of the fundamental mode of vibration for 
the plate. The frequency, /, is therefore given by 

V *0 ' ' . ' 

The plate will also respond vigorously to applied potential differences 
whose frequencies are an integral multiple of /. 



Fio. 33*22. — 

A Quartz Crystal. 


MEASUEEMENT OE FBEQUENGY 569 

If the applied potential difference is V (volts). A, the contraction 
or expamion for a plate of thickness t, is given by 

A ^yV 

where y is a constant for the given crystaL It must be noted that t 
does not appear explicitly in tills formula — ^it is because the electric 
field is V /i and A /% is proportional directly to this field. For quartz, 
y =r 2-3 X cm. volt“"^. 

Hence for a p.d. of 50,000 volts 

A = 12 X 10“* cm. 

Such plates are of practical importance in that they are used to 
stabilize the frequency of the electrical oscillations from a wireless 
transmitter. 

High Frequency Sound Waves. — ^The following work was carried 
out by Wood and Loomis in 1927, in connexion with the production 
of supersonics. Their apparatus is indicated in Fig. 33*23. Q is the 


(300 kilocycles) 
5 0. 000 voits 
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quartz plat© cut in the manner 
previously indicated. A and 
B are metal plates attached to 
its faces and connected to an 
A.C. supply of 50,000 volts and 
300 kilo cycles, i.e. / ~ 3 x 10® 
seo.~^. The plate and the leads 


to it were immersed in oil. 

Hie frequency of the applied ! i 
p.d. was adjusted until it was 
in resonance with the natural 
frequency of the plat© for 
longitudinal waves. The oil 
above the plate was set vibra- I - — ■ 

ting. A glass plate P, 8 cm. m | r £ ~ -Q 

diameter, was then inserted in j!~ j-v. 

the liquid and for certain 

positions of this plat© it ex- Fia. 33*23. — Supersonic Waves, 
perienced a considerable thrust 

upwards — ^there was then an integral number of half-waves between A 
and P. When one of these positions had been located the plat© P could 
be loaded wdth 150 gm. and remain in position without further support: 
The tlirust was a maximum whenever there were nodes at the lower sur- 
face of the plate for stationary waves in the oil between P.and A were then 
formed, and the changes in pressure are greatest at the nodes [of. p. 559]. 

When the plate P was removed from the oil this became heaped up 
to a height of 7 cm. above the rest of the oil : this protuberance was 
surmounted by a fountain of oil drops some of which were projected 
upwards to a height of 30 or 40 cm. above the oil level. 

Some Experiments with Supersonic Waves.-— (i) A glass tube 
about one metre long and 3 cm. in diameter was closed at its lower 
end and its inside coated with a layer of highly viscous oil. When 
the lower end of this tub© was dipped into the vibrating oil above the 
plate A, rings of oil lined the tube along its whole length. 

(ii) If supersonic waves are passed across the boundary formed 
between water and oil or mercury and water, an emulsion is formed. 
By means of these waves chemical reactions are accelerated and 
crystallization caused to begin. 
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(iii) A merctary thermometer was placed in the liqtaid above the 
quartz plate. It registered a temperature of 25® C. Yet the stem of 
the thermometer appeared to be so hot that it could no longer be 
held in the hand. The heat was caused by the friction between the 
vibrating stem and the skin of the fingers. 

(iv) Supersonic waves are used for determining the depths of lakes, 
etc. This is derived from the time which elapses before an echo 
appears after a high-frequency signal has been sent downwards, and 
the velocity of such waves in water. This is 1*48 x 10® cm. sec.*"*^ 
and is independent of the frequency over a large range. " 

EXAMPLES XXXni 

1. — ^A glass tube 150 cm. long is fixed in a vertical position and filled 
with water which runs out slowly at the other end while a tuning-fork 
of frequency 495 is maintained vibrating over the upper end of the 
tube. At what levels of the water surface will resonance occur (a) if 
the temperature is 0® C., (b) if the temperature is 17° C. ? The velocity 
of sound in air at 0° C. may be taken as 330 metres per second. How 
may the “ end correction ” for such a tube be found ? 

2. — ^Find an expression for the change in the frequency of the note 
heard by an observer when a source of sound is approaching him with 
uniform velocity. Show that the change is not quite the same if the 
observer moves with this same velocity towards the source when this 
is stationary. Account for the beats which may be heard by a sta- 
tionary observer when a vibrating tuning fork is moved towards a wall. 

3. — Calculate the density of the material of a sonometer wire 1 metre 
long and 0*70 mm. in diameter if, when stretched with a load of 20 
kilograms, the first overtone it gives when vibrating transversely has 
a frequency of 250 sec.“^. [Take g = 1000 cm. sec."®.] 

4. — A sonometer is arranged to emit a note of definite frequency,, 
How must the tension be varied to increase the frequency of the note 
in the ratio f T If the tension were maintained constant in what 
other way could the same change in frequency be made 1 

5. — If 6 beats per second are produced by the fundamental notes of 
two organ pipes sounded together when the temperature is — 10° C,, 
calculate the number of beats when the same j^ipes are sounded to- 
gether and the temperature is 30° C. 

6. — ^A brass rod is clamped at its middle point and stroked with a 
resined cloth. Describe the apparatus necessary to determine the 
velocity of sound in brass and show how you would deduce your result. 
Also describe how such an apparatus may be used to determine the 
ratio of the two principal specific heats of carbon-dioxide. 

7. — ^Describe a direct method of determining the frequency of a 
tuning-fork. If you were provided with a tuning-fork of known fre- 
quency and another whose frequency only difiered slightly from it, 
describe how you would determine the frequency of the second fork. 

8. — “An open organ pipe and a stopped organ pipe are constructed 
to give notes of tl^e same pitch. Discuss the relative dimensions of 
the pipes, and account for the difierence in quality of the two notes. 

9. — ^Describe a method of measuring directly the frequency of 
vibration of a tuning-fork. A fork of unknown frequency gives 4 
beats per second when sounded with another of frequency 256. The 
fork is loaded with a piece of wax and it again gives 4 beats per second 
with the standard fork. How do you account for tliis reexilt ? 


CHAPTER XXXIV 


AUDITION AND THE MUSICAL SCALE 

The Anatomy of the Ear. — The structure of the organ of 
hearing i# somewhat as follows : — ^It consists of an external or 
outer ear which is a plate of elastic cartilage covered with skin. 
This catches the sound waves from whence they are conducted 
via the external auditory canal to the tympanic or drum^like 
membrane. The vibrations of this membrane are communicated 
to a second membrane by means of a chain of ossicles or small 
bones. The oscillations of this membrane are communicated to 
a fluid contained in the canals of the temporal bone. This excites 
the sense-cells which in their turn aflect the auditory nerve 
which communicates with the brain. 

The factors enabling us to judge the direction whence a sound 
comes have not been definitely established, but it is fairly certain that 
an important factor is the difference in the intensity of the sound ai 
each ear for, in general, the head will screen one ear from the 
oncoming waves. From such a difference previous experience alone 
enables us to fix the direction of the source. Some animals are 
capable of moving certain portions of their outer ears and the corre- 
sponding variations in intensity may enable them to fix this direction 
more precisely. Recent experiments have revealed the fact that 
difference in phase is another contributory factor, as the following 
experiment shows : — long rubber tube is held in each ear and both 
are connected to a wider tube leading to another room where there 
is a source of sound. The rooms should be such that no direct 
sounds reaches the observer. The apparent locality of the sound 
varies if the length of one of the rubber tubes is changed. This may 
be accomplished fey including in one of the branches two brass 
tubes, one sliding easily in the other. 

The Limits of Audibility.— Helmholtz, working with long 
tuning forks and organ pipes, found that vibrations less in number 
than about 30 per second failed to stimulate the auditory nerve. 
This represents the lower limit of audibility. By using a Galton's 
whistle the tipper limit may be shown to be about 30,000 vibrations 

^ 671 ^ 
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per second. TMs, however, varies in different persons and tends 
to become less with advancing years. 

The Analysis of a Complex Wave Motion. Fourier’s 
Theorem. — We have already shown [cf. p. 512] that two S.H.M.’s 
may be compounded to produce another periodic motion having a 
more complex wave-form. In the same way, three or more 
may be compounded to produce a very complex although still 
periodic motion. Eotjeiee, in 1819, proved that any periodic 
motion,* however complex, could be analysed into a number of 
S.H.M.’s the frequencies of which bore a simple relation to that of 
the fundamental. Now although a proof of this theorem is far too 
difficult for discussion here, it would at least he interesting if we 
could discover whether or not vibrations corresponding to these 
components are actually present in a wave whose form is complex. 
If they are, Fourier’s theorem will represent physical facts and be 
more than a mere mathematical tool for simplifying any necessary 
calculations. Helmholtz found that such frequencies were actually 
present whenever the wave-form of the sound was complex. For " 
these experiments he designed a special form of resonator. . 

Helmholtz’s Resonators and Timbre.— Helmholtz found it 
necessary to construct this type of resonator instead of using 
columns of air in organ pipes, etc., because, although these latter do 
respond, the resonance is not sharply defined — a very necessary 
condition if the analysis of a sound is to be at all correct. One of 
his resonators is shown in Fig. 34-1. It consists of a large spherical 
glass vessel having a cylindrical neck. A, small in comparison with 

the capacity of the spherical portion of 
the resonator. B is a narrow stem which 
could be placed near to the ear. Each 
resonator only responds to a definite 
note having the same frequency as its 
own fundamental, the response to any 
other being exceptionally weak. A series 
of resonators were made and many 
musical notes produced in a variety of 
ways analysed by determining the re- 
sonators which responded in any given instance. It was found, for 
example, that the &st three overtones, i.e. the 2nd, 3rd, and 4th 
harmonics, were present in the note from a piano and that they 
were fairly strong. The next three were feeble, whilst the seventh 
was absent. The absence of this particular overtone is necessary, 
for, otherwise; discord would be present. The peculiar timbre of a 
violin is due to the fact that the first seven overtones are present. 

In other modificatioxB of this resonator the spherical portion is 
replaced by a brass cylinder and instead of using the ear to detect 



Fic. 34-1. — ^Heljoaliolfez 
Kesonator. 
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the response of a resonator the tube B is connected to a manometric 
flame which is examined by a rotating mirror. A series of such 
resonators are made and any flickerings of the manometric flames 
connected to each resonator indicate the presence of corresponding 
frequencies in the note examined. 

Speech. — The vibrations of two stretched membranes situated 
within the larynx and termed the vocal cords are responsible for 
speech. They form the edges of a narrow slit and their vibrations 
are caused when air from the lungs is forced past them. Their 
tension and distance apart may be controlled at wfll. The pitch 
of a note is determined by the tension in the vocal cords, but 
its timbre is produced by resonance in the cavities in the throat, 
mouth, and nose/ ^ ^ ^ ^ 

The Musical Scale. Its Intervals and Notation.— Let us 
assume that a musical note is produced when the frequency of 
vibration is while another note has a frequency of Then if 

the ratio — is termed the interval between these notes. 
Similarly the interval between and (n^ is the ratio 

Since the interval between n. and ^ais —it follows that the “ sum ’’ 

of two intervals is equal to their product. Experience shows that 
the efiect arising when two notes having an arbitrary interval are 
sounded together is not always pleasant, Le. they are not always 
concordattt, hut discordant* Eor notes having frequencies p, g, 
and f , the efl^ect on sounding them together is pleasant when j? : g : r 

When the interval between two notes is 2, i.e. the frequency 
of one is twice that of the other, that interval is termed an octave. 
Between a given note and its octave six other notes have been 
introduced forming a musical scale. These eight notes are indicated 
by the letters C, D, E, F, G, A, B, and c. The last member of this 
octave is the first of the next one, viz. c, e, etc. For octaves 
higher and lower than these accents and suffixes are used. The 
ratios of the frequencies of the notes in the scale commonly used 
are shown below 
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The most rational explanation of the evolution of this particular 
scale has been given by Helmholtz. It is well known that any 
note produced by a musical instrument, including the human voice 
but not the tuning-fork,* consists of a fundamental and some of its 
harmonics. When two notes are sounded together the effect will 
only be pleasing if there is concord not only between the funda- 
mentals but also between the overtones, which may be present. 
This happens when the beats produced lie outside that range of 
frequencies which annoy the ear. The above scale was chosen so 
that when a melody is played the effect shall always be pleasing. 
Of course the notes are not all sounded together in actual practice 
so that beats are absent, yet, unless there is concord when they are 
so sounded, the transition from one note to another is too abrupt 
for the effect to be pleasing. 

An examination of the above table shows that the following 
numerical relations exist between the notes in an octave 

C:E:G = 4:5:6 
G:B:d = 4:5:6 
F:A:c =4:5:6 

These particular sets are called the harmonic triads : they produce 
a pleasant effect when sounded simuitaneoTlsly. These particular 
triads are respectively the tonic, dominant and subdominant 
triads. When the members of one of these triads are sounded with 
another note which is an octave above the lowest member, the whole 
constitutes a major chord. 

The intervals existing between notes in the above scale are either 
f, or The first two intervals, although not exactly equal, 
# are called a tone, while the last is a semi-tone. The difference 
between the two tones which is the quotient obtained by dividing 
one by the other is equal to f-^. This difference is called a comma. 

Musicians find that the number of notes in the above scale is not 
sufficient for their requirements so that extra notes, obtained by 
raising or lowering the above notes by an interval equal to ff , have 
been introduced. Thus A becomes A# [A ‘'sharp'’] when the 
pitch is raised by this amount, and B, on being lowered by this same 
amount, becomes B [7 [B “flat"]. 

Musical Temperament. — The number of notes becomes too 
many when a scale in strict accord with the above principles is 
constructed, for it must be remembered that any note in the scale 
may serve as the keynote from which ail others may be derived. 
To avoid this difficulty the scale has been slightly adjusted so that 
a certain amount of discord is introduced. Such a scale is said 
to have been tempered,^ Several such scales having a minimum 
amount of discord exist;, but the on© in general use is the scale of 
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equal temperament. The octaves remain as before, but eleven 
notes are introduced between them, each interval being 2^^', i.e. 
1'0595. These twelve notes constitute the chromatic scale and 
the intervals associated with the harmonic triads in it are 1 : 1*2599 : 
1*4893, instead of 1 : 1*25 : 1*50, 

The Reproduction of Sound. — One of the most successful 
devices for the reproduction of sound is due to Edison*. Diagrams 
of a phonograph and gramophone are given in Eig. 34*2. In the 
phonograph [Eig. 34*2 (a)], the earlier of the two instruments, the 
sound waves are caught by a cone or horn C and impinge upon 
the membrane M. B is a light style attached to the centre of 
the diaphragm and in contact with a special wax which coats the 
cylinder A. This cylinder may be rotated about a horizontal axis. 
When it rotates and no sound-waves are incident on the mem- 
brane a groove of uniform depth is cut in the wax. But when 



Fig. 34*2.^ — ^Th© Reproduction of Sound. 

sound waves faU upon the membrane it vibrates so that the depth 
of the groove varies. During this process the wax is soft, but 
after the impression has been taken it is allowed to harden. 
When the record ” thus obtained is rotated at the same con- 
stant speed, the needle being placed at the starting-point, the end 
V of the needle follows the groove, thus causing the membrane to 
vibrate and reproduce the sound. To obtain a large volume of 
sound the membrane is fixed at the end of a horn and the per- 
fection of the reproduction depends upon the resonating qualities 
of this horn. . 
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The diaphragm in a gramophone is attached by means of a little 
wax to a style moving about an axis D normal to the plane of the 
paper [Eig. 34-2 (6)]. In consequence of this the excursions of the 
free end, E, of the style make side cuts in an otherwise spiral groove 
on a wax disc in contact with it and which rotates about a vertical 






PART V 

MAGNETISM AND ELEOTRIGITY 
CHAPTER XXXV 
ELECTROSTATICS 

Introductory •—The name electricity is given to a certain 
invisible agent of wMcb we are only cognissant through the effects 
produced by it* Although we have little idea of the true nature 
of electricity it is possible to give a rational explanation of these 
manifestations. The science of electricity, like that of magnetism, 
dates from the times of the ancient Greeks. This people was 
acquainted with the magnetic properties lodcstone ; it also knew 

that when amber is rubbed with another substance it acquires the 
power of attracting small bodies to itself. These two facts, although 
apparently so dissim.flar, are icaUy very ^ connected. It is ) 

now known that magnetism produces effects similar to 

those due to electricity at restl while a constant direct current of / 
electricity [i,e. electricity in motion] produces a stationary mag- 
netic effect. Electricity is neither matter nor energy ; yel.it Js^ 
usually associated with matter, and work must be done in trans- 
ferring it from one place to another! Modem civilization owes a 
great debt to electricity and it is probable that this debt will increase 
rapidly in the future. Electricity has come to play such an im- 
portant role because when it has been generated at one station 
it may be transferred to another and there used in the production 
of heat, light, and mechanical energy. 

of the nineteenth century material conductors were thought to be 
necessary, but wider knowledge has made possible wireless telegraphy 
where the transmitting medium appears to be space. | As we find 
this difficult to conceive we imagine a medium filling aU space — 
the rand think of it as the transmitting agency. 

Electrical Attraction .-iWhen a piece of ebonite, sealing-wax, or 
a glass rod is rubbed with dry flannel or silk, it acquires the property 
of attracting light objects, such as bits of paper, straw, etc) The 
Greeks discovered that amber, or, as they termed it, ^XsKtpov, 
i.r. 577 Y 
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behaved in this way. It was left to Dr. Gilbert (1600) to show that 
other bodies also acquired the same property after being similarly 
treated. Such bodies are said to have been electrified by 
frmtion. 

iSbead of using small objects to determine whether or not a body 
is electrified the following more sensitive apparatus may be em- 
ployed. A small pith-ball is supported by a silk thread and the body 
under test brought near to it. If the ball is attracted, the body is 
electjrified. This ei^periment is not a certain proof that the body is 
electrified, for if a charged piece of wax, supported in a stirrup, is 
similarly suspended it will be attracted when a metal rod held in the 
hand is brought near to it, yet the metal rod is uncharged, for it is 
Hence, in our first experiment the pith-ball may have been 

charge<^ 

Electrical Repulsion. — ^If a glass rod, suspended by a sUk 
thread, is rubbed with silk and then a second glass rod sinularly 
treated brought near, the suspended rod will not be attracted but 
repelled, i.e. similarly elec^ repel one another. Since 

non-electrified bodies do not exhibit this property, repulsion is the 
only sure test that a body is electrified. This phenomenon of elec- 
trical repulsion explains the following facts which will have been 
noticed when a charged body is brought near to small objects. 
After such objects touch an electrified body they fall off, i.e. they 
are repelled. This fact was noticed by^voK Gijekioke in the 
seventeenth century. The reason for the above phenomenon is 
that after the bodies have touched the electrified body the charge 
on each is wholly like that residing on the charged body, so that 
electrical repulsion ensues. 

If two uncharged pith-balls are suspended side by side and an 
electrified rod brought near to them, both are attracted by the rod. 
If they touch the rod, each acquires a charge similar to that on the 
rod, so that repulsion takes place. This repulsion is greatest when 
the rod is present although it will still persist, but in diminished 
amount, when the rod is removed, for the two balls have acquired 
similar charges. The phenomenon of repulsion is well observed 
when some persons brush their hair on a dry day. The^Jbairs 
iMXome; charged and so- repel one another. 

The observations of Robert Symmer [1759] on the attractions 
and repulsions of charged bodies are at least amusing. He was in 
the habit of wearing two pairs of stockings simultaneously, a worsted 
pair for comfort and a silk pair for appearance. In pulling off his 
stockings he noticed that they gate a crackling noise, and some- 
times they even emitted sparks when taken off in the dark. On 
taking the two stockings off together from the foot and then drawing 
the one from inside tbe other, he found that both became inflated 
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80 as to reproduce the shape of the foot, and exhibited attractions 
and repulsions at a distance of as much as a foot and a half. ^ 

The Detection, of Electricity. — If an ebonite rod is electrified by 
rubbing it with silk, it possesses the power of attracting small pith- 
balls. When these balls touch the rod they become electrified by 
contact and are then thrust ofi from the rod. When two pith-balls 
are suspended by separate pieces of silk from the same point, and 
are electrified by contact with an ebonite rod, the two balls separate. 

If now a glass rod is similarly rubbed with silk, when it approaches 
the two balls they tend to fail together. We therefore conclude 
that the charge on the glass is opposite in sign to that dn the pith- 
balls, Similar results can be obtained with a gold-leaf electro- 
scope [cf. Eig, 35*8, p. 593]. This consists of a metallic box, C, 
which is preferably earthed in order to increase the sensitivity of 
the instrument [the reason for this will be given later~~cf. p. 599] ; 
two sides of the box are made of sheet glass for purposes of ob- 
servation. Through an insulating boss, B, [made of sulphur] in 
the top of the box is inserted a metal rod which carries a metal 
disc at its top, whilst the portion inside the box is flattened out, 
and a piece of gold leaf attached to it. [Sometimes two leaves 
are used.] If a charged rod is brought near to the electroscope 
the leaves diverge and collapse again when the rod is removed ; 
when a charged rod touches the metal disc or cap the leaves 
diverge and remain diverged when the rod is removed. 

If the electroscope is charged initially, the divergence of the 
leaves increases when a body having a similar kind of charge is 
brought near : on the approach of a body with a different kind 
of charge the divergence decreases. [If this latter body is brought 
closer to the electroscope the divergence of the leaves may be 
reduced to zero and then increase.] 

The existence of two types of electricity was first established 
about 1733 by nxr Fay, superintendent of gardens to the King of 
France, He found that a piece of gold leaf, electrified by contact 
with a piece of excited glass, was attracted when brought close to 
a piece of resin which had been electrified. Since both the gold 
leaf and resin were electrified, du Fay expected to observe the 
repulsion of the two bodies. From fcther experiments it was^ ’ ^ 
concluded that there were two types of electricity — one similar to 
that found on glass when rubbed by silk, the other to that on j 
ebonite rubbed with fur. These are now termed ^ 

negative electricity^jesj^ctij!^^^ — 

Insulators and Conductors. — For many years it was believed 
that only nommetallic bocUes were^ J 3 |sce ptible^ t 9 , electrification, 

^ Cf. Jeaim, MagmUsm and Elecfricvt^, p. 11 (Cambridge University 
Press).' 


I 
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but this idea was corrected when Stephuk Guay about 1730 dis- 
covered that bodies could be divided into two classes, namely those 
through which electricity will pass (conductors) and those which 
prevent its passage (insulators). If,, a jmetalHc tube is attached 
to a glass rod, the glass rod attracts small pith-balls after the 
whole has been rubbed, the metal being in the hand [i.e. earthed]. 
The metal part does not display this phenomenon. When, however, 
the rubbing is repeated with the glass held in the hand, then the 
metal retains its state of electrification* — ^it is the glass which prevents 
the charge from escaping. 

* The above experiment shows that substances may be divided 
-.roughly into two classes — insulators, which retain their charge 
pn being excited electrically, and conductors, which lose their 
^arge if they are earthed. Gaodinaulators are poor conductors 
of electrioity and vice versa. Amber, bakelite, ebonite [when highly 
polished] and dry gases are examples of good insulators, while 
metals and aqueous solutions of salts and inorganic acids are good 
conductors. ;The charge on an electrified body may also be removed 
by passing the body through a flame, or exposing it to X-rays or 
radium. The terms conductor and insulator are relative ones only, 
for pure water is an msulator for small voltages, and yet if an 
insulator is wet its charge of electricity is rapidly lost. It is, 
therefore, better to speak of good and bad conductors of electricity 
rather than to use the terms conductor and insulator, and to 
state the conditions under which the substance considered is to 
be used< 

f * The fact that dry gases are bad conductors of electricity has 
4'probably been a great blessing to the hu\nan race, for, had they been 
/good conductors, the phenomenon of electricity might have re- 
I mained undetected and imsuspected, 

, The “Colour’’ Test for Electricity. — ^When a mixture of 
sulphur and red lead, PbgO*, is dried in a desiccator, and afterwards 
shaken, the sulphur becomes charged negatively, whilst the red lead 
acquires a positive charge. The mixture, as a whole, has a zero 
charge, a fact which can be demonstrated by placing it inside a metal 
cylinder which stands on a gold-leaf electroscope. If now a charged 
body has the powder sprinkled over it and the body is gently tapped, 
the sulphur [—] adheres to it, it it is positively charged, whilst the 
red lead [+] adheres to it, if it is negatively charged. 

Ouautity of Electricity.— If a tin or metal cylinder is placed 
upon the disc of an electroscope and a charged body is placed 
the cylinder, the leaves diverge and the divergence is con- 
stant Irrespective of the position of the charged body, providing 
that it is wefl within the tin. If the charged body is removed and 
replaced, the divergence is the same. This constancy is attributed 
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to the fact that there is a definite quantity of electricity associated 
with the charged body. 

The : Torsion Balance. — “The... Jorsipii,..,.balanoe xised by 

Coulomb for the purpose of measui'ing the force of repulsion between 
similarly electrified spheres _ 

by balancing the moment of 
this force about a definite 1 

point against the couple 
exerted by a wire when the 
latter is strained by tvdsting 
it from its position of rest. 

One form of this instrument 
is indicated in Fig. 35*1. It j I 

consists of a light lever sus- • ... i i a 

pended by a fine silver wire i ^ 

within a cylindrical glass case. ^ ^ 

One end of the lever carries : !jlHi4-i'4-"i \ i«il p | 

a small spherical pith-ball, A, 

covered with j^It so that any ^ p s i - — ^ -p — -la— I 

charge given to it is distri- T — ^ 

buted uniformly over its sur- | ^ ^ 1 

face The lever is suspended ss-l.-Coulomb’s Tomon Balance. 
SO that it rests m a horizontal 

position. The silver wire is about 2 feet long and its upper end is 
attached to a brass head which may be rotated about a vertical axis. 
A measure of this rotation is given by a pointer rigidly fixed to the 
brass head and moving over a circular scale graduated in degrees. 
An insulated second pith-ball, B, may be introduced through an 
aperture in the cover of the instrument : it is supported in the same 
horizontal plane as A. To keep the inside of the apparatus dry 
and thereby improve the insulation, a small vessel Containing 
pumice soaked in sulphuric acid is placed in the bottom of the case. 

To measure the force of repulsion between two like charges the 
following method is adopted :“Tha.po8itioj&_ofJh^^^ is 

adjusted until the two balls A and B are in contact^ The ball B is 
then removed and charged. When it is replaced the charge m 
shared by the two spheres, the charges on each then being identical 
since the two spheres are equal. In consequence of the like charges 
on the spheres they are repelled, but only A moves since the other 
is fixed. This produces ajbwisi^in the The magnitude of the 

repelling force . 3eS:eases as t^ . instance between the charges 
increases, b ut the restojmj cou^e due to the t orsion Jn the, wire 
increa«€a..jmde^^^ popi;tion^of 

equilibrium is . attained in wldqh jjie mom^t of the repelling 
force about the^aw of suspension, |sbaJanc<^ t^e cq^le'ainffig 
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from the twist in the wire. Experiment shows that the couple due 
to torsion is proportional to the angle through which one end of the 
suspension is turned relatively to the other. 

The Law of Force between Charged Particles.— The force 
two charged bodies in air, whose dimensions ^ are small 
compared with their distance apart, is directly proportional to the 
product of their charges, and inversely proportional to the square 
of their distance apart, the force being one of repulsion (positive) 
or one of attraction (negative) according as the two charges are 
of the same or of opposite kinds. 

vTo Verify the Inverse Square Law by Coulomb’s Method.— 
When the distance between the balls A and B is small it may be 
assumed that the distance between them is halved when the angle 
they subtend at 0 is reduced to half its original value. Let us 
suppose that when B was charged and placed in position that A was 
repelled through an angle of 34° : this was also a measure of the twist 
in the wire which balanced the repelling force between the two 
spheres. To reduce the angular deflexion between the spheres to 
17° it was necessary to rotate the torsion head thi*ough 119° in the 
opposite direction so that the relative twist between the two ends 
of the torsion wire was (119° + 17°) = 136°. Since the distance 
between the spheres had been halved, the force of repulsion between 
them had been increased four times. These numbers verify the 
inverse square law. 

^ To Verify that the Force is Proportional to the Product of 
the Charges. — ^Let us assume that when the two balls A and B had 
equal charges that their angular separalipn was 6 . When the ball B 
was removed and allowed to- share its charge with another ball equal 
in size to itself its charge was reduced to one-half its initial value. 
On replacing B in position it was found that the deflexion was less 
than before, and in order to increase the separation to 6 it was 
necessary to rotate the torsion haad through an angle ^ in the 
same direction so that the relative twist between the ends of the 
suspension was (0 — <f>). Experiment showed that (d <f>) equalled 
so that the repelling force was halved when the charge on one 
of the spheres was halved. 

The Electrostatic Unit of Electric Qi^asitity.— By means of 
a torsion balance, it has been shown that the force of repulsion 
between two tike charges ^ o'! and at distance r apart and in air, 
is ^ven by the equation 


^ Such a charge is ofteii termed a “point charge.” 

* Strictly speaking, these should be point charges, i.e. the charges should 
reside on bodies whose dimensions are small compared with their distance 
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where 2 is a constant. This equation may be simplified by a 
proper choice of units which will make A — 1. This is done by 
choosing our unit of electric quantity so that when gii = ^nd 

r = i cm., F is equal to one dyne, for then the above equation 
becomes i v i 


Definition. — The unit of positive [or negative] electricity is 
that point charge which, when placed one centimetre away 
from an equal charge in air [or better, in a vacuum], repels 
it with a force of one dyne. 

[Later on, it will be found inconvenient to have two units— one 
positive and the other negative. The positive unit, defined above, 
is then taken to be the unit of charge in the electrostatic system of 
units.] 

^ More Exact Theory of the Torsion Balance. — ^Let the charges 

on A and B be ^ so that repulsion 

ensues and the wire is twisted and j" ^ 

suppose that the torsion head is jjL : 

rotated through an angle in the \ 

opposite direction to reduce the \ 

angular separation to a [se4 Fig. 

35-2], Then (a + /S) is the relative j 

twist between the two ends of the / 

wire and this is proportional to the / '! * 

repelling force F which exists when j O C.; 

the balls occupy these particular / ^ 

positions, i.e. . 

, F . ON = «(« + /S) Pia. 35-2. ; ' ^ 

where ON is the perpendicular from 0 on AB, and k is a constant 
Since ON = Z cos the above eauation becomes 


Z cos the above equation becomes 


F • Tcos g =3 /c(a + P). 


If r = AB, then 


■|p^ f 2 _ ^ J.2 


f<{% + fi) 
l oos ^ 


. ( 21 sin ■ 


= 4:kI(cc 4* sin ^ tan 

apart* The charges w© have used have been on spheres because it can be 
shown that the effects due to such are the same as those arising from similar 
charges placed at the centres of the spheres. 
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To Verify the Inverse Square Law.— If Els proportional to r"* 
the product should be invariable when the distance r is varied 
provided that the charges on the spheres remain constant : in other 

words (a + jS) sin I tan ^ should remain invariable, since k and i are 
constants. The necessary observations are therefore corresponding 
values ai, ocg, etc., and if (a + ^) sin ^ tan | is found to be con- 
stant the law will have been verified. 

To Compare Charges by Means of the Torsion Balance.— 


Since, with the usual notation, E = 


[q being the charge on 


each sphere], the equation established above may be written 

If and are the charges to be compared, let us assume that when 

q^ IS shared between A and B so that the charge on each is |^, that the 

torsion head is rotated through Pi to reduce the deflexion to a. 
Similarly when is shared between A and B, these having been dis- 
charged after the first part of the experiment, let p 2 angle of 
rotation of the head to reduce the angular separation between the 
spheres again to a. Then ^ 

4/cZ(a + ft) shi I tan ~ 

4kKl{oc + Pi) sin I tan ~ 


i.e 


2? _ A / 

qr V a + ft- 

Example. — Two small spheres each having a mass m gm. and 
charge q, are suspended from a point by 
threads, each I cm. long but of negligible 
mass. If 6 is the angle each string makes 
with the vertical when equilibrium has 
been attained, show that 

4:mgi* sin^d tan 0 ^ qK 

Let O, Eig. 36*3, be the point of suspen- 
sion, while A and B are the two charged 
spheres. Let AB — 2r. Consider the 
sphere A. I|j is acted upon by three forces, 
viz., T, the tension in the string, its weight 
mg acting vertically downwards, and a 
repelling force, F, acting in the direction 
BA, due to the charges on the spheres. 



Its magnitude is 


(2r)» 


Draw ON perpen- 
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dioTilar to AB and take moments of forces about O. Then F . ON = 
mg • AN , 

i.e. ^ . I cos $ ~ mg » I sin d. 

Hence S'® == 4msZ* sin*0 tan 0. 

If d is smaD, this may be written s ~ 4 mgl^Q^ ; $ is then easily 
deduced. 

yT Field. — ^The properties of the space round a given 

body become modified when that body acquires an electric charge, 
for if other charges are now introduced into that space they experi- 
ence forces, whereas such forces were absent when the body was 
uncharged. The space round a charged body in which these forces 
arise is termed an If the charged body is situated ^ 

in an unlimited medium it is clear that the extent of the field V 
increases as the sensitivity of the devices used for detecting the - 
forces increases. 

Intensity of Field or Electric Intensity.— The intensity of an ^ 
electric field at a given point in air is defined, numerically, feis the 
force which would be esterted on a unit positive charge placed 
at that point, provided that the configuration of the field were 
not altered by the introduction of the unit charge. ^ The , 
direction and sense of the intensity are identical with those of the 
above force. Hence the electric intensity at a distance r from a 

point charge g in air is given by E = ^ ^ 

More exactly, the electric intensity is defeed by the equation 

E = lira 

where JF is the small force experienced by a small positive charge 
Aq introduced into the field at the point wnere the electric intensity 
is required. » 

Thus, if Q is the point charge to which the field is due, 


'I llJ : 
-i.t'A-v? 


~ r* ’ /iq ~ r‘' 

Since — is also the limiting value of it is the intensity required. 

Lines and Tubes of Force. — ^In consequence of the electric 
intensity existing at all points in an electric field, it follows that 
a smaB, free, positive charge wiB be urged in a definite direction 
if placed at any point in the field : in fact, it wUl begin to move 
along the direction in which the intensity at the point considered 
acts. If the smaB charge could move without acqmrmg an appreci- 
able velocity it would travel along a line of force, this being a 
curve such that the tangent at any point gives the direction of the 


! 

! ^ 
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electric intensity at that point. The direction in which the small 
positive charge tends to move is termed the positive direction of 
the line of force ; since repulsion takes place between like charges 
it follows that lines of force must have their origin on positive 
charges and terminate on negative ones. 

The lines of force from an isolated positive point charge are 
straight lines radiating outwards from that point : if the charge 
is negative the diagram is the same, but the positive direction of 
the lines is reversed. 

Fig. 354, (a), (6), and (c) depict the lines of force due to equal 
like charges, equal unlike charges, and two like charges g and 4g. 
In (a) there is a neutral point half-way between the charges : in 



(c) there is a neutral point the position of which may be determined 
as follows -If N is the neutral point, i.e. the resultant intensity 
is zero at N, we have 

AN2 BN2 


Hence BN = 2 . AN. 

Such diagrams as these are useful since they give us a picture 
of electric fields, but we have to remember that these diagrams 
are drawn in one plane whereas the electric field exists in space. 
A more complete representation of the field due to two charges i^ 

obtained by imagining the above 
diagrams to be rotated about an axis 
passing through the charges. 

Another method of depicting an 
electric field is as foUows Let 
A, Fig. 35*5, be a positively charged 
body. Consider the lines of force 
which originate from aU points on 
the contour of a portion S of the 
surface. The lines will form a tubtilar 
surface, the whole being called a tube 
of force. If all the surface of A is 
divided in this manner and the corresponding tubes of force 
constructed they will fill the whole field and touch one another 



Fia. 35*5.- 


-A Tub© of Force. 
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laterally. If the surface of A is divided so that each element S | 

contains unit charge, the tubes of force arising from them are 
known as Faraday unit tubes. Hence, if the total charge on 
A is g, the number of Faraday unit tubes is also g. | 

Electrification by Influence or Electrostatic Induction,— I 

In the earlier part of tMs chapter it has been shown that bodies | 

carrying electric charges attract or repel one another according to ^ % 

the signs of the charges. We also learned that attraction occurred 
when a charged body was brought near to one having no charge. 

Now it is a fundamental law in Natm^ there can only be 
mutual action between two bodies if each is endowed with the same 
physical property. Thus inert matter attracts inert matter and 
electrically charged bodies attract or repel one another. The 
problem which at once presents itself therefore is to explain the 



? 




electric attraction between a charged and an uncharged boi jly. Let 
A,Fig.35‘6, be a positively charged sphere supported on an insulating 
stand, while BO is an uncharged insulated conductor. Small pith- 
baUs are placed near to the ends of BO in the way indicated . Initially 
these hang vertically downwards. When BC is brought near to A 
it will be noticed that the balls are repelled away from the surface 
of the conductor and that their displacements from the position 
of rest increase as the conductor BG is brought nearer to A. This 
experiment shows us that BC is charged, but it tells us nothing 
about the nature of the charges on it. On removing A, however, 
the pith-balls resume their original positions showing that BC is 
charged no longer. Moreover, if a pith-ball is placed about half- 
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way between B and C, it remains nndeflected during the course of 
the aboTe experiment. These facts suggest that there is positive 
electricity on one half of the conductor and an equal amount of 
negative electricity on the other and that there is no electricity 
at the centre, but they do not indicate how it is distributed. The 
sign of the electricity may be ascertained by sprinkling the surface 
of BC with a mixture of red lead and sulphur [cf. p. 580]. When 
the conductor is tapped, with a glass rod [say], the red lead adheres 
to the end B, while the sulphur adheres to the end G, i.e. B has 
acquired a negative charge, and C a positive one. If A had been 
charged negatively the signs of the electrification on EC would 
have been reversed. 

This action takes place over considerable distances and even if 
a sheet of cardboard, glass, or ebonite is placed between A and 
BC. When a body becomes charged in this way it is said to have 
acquired its charge by influence or electrostatic induction* 
The phenomenon of electrostatic induction was discovered by 
Stephen Geay in 1729. 

If the conductor BC consists of two parts which are together 
at first but separated whilst the inducing charge is near, the two 
induced charges caimot neutralize each other when the inducing 
charge is removed, but remain on the two portions. If the inducing 
charge is positive, the nearer portion of this compound conductor 
will have a negative induced charge, while the other will have a 
positive one. 

the complete conductor BC is earthed while under the influence 
of apositive charge on A, we shall really have a compound conductor 
consisting of the conductor, the person touching it, and the earth. 
The induced positive charge will pass to the earth, so that when 
tlie finger is removed a negative charge will be found on BC even 
when A is no longer present. 

The quantity of electricity induced on a conductor increases 
with the charge on the inducing body and when the distance between 
the two bodies is diminished. The theoretical limit would be 
reached when the quantity of electricity on the near end of the 
conductor is equal in magnitude to the charge on the inducing 
body, but opposite in sign, and the quantity at the far end is equal 
in magnitude and sign to it. In practice, however, this condition 
is seldom reached for when A is brought very near to the end B 
of the conductor, the electric intensity in the field immediately 
between A and B becomes so great that a minute spark passes. 
This is not often seen although it may be heard. Aft^ a 
spark has passed and A is removed BC is found to have a positive 
charge since it has lost some of its negative electricity during the 
passage of the spark. ^ 
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These experiments show that the attraction between a charged 
and ‘‘ an uncharged body ” is really an attraction between the charge 
on the inducing body and the charge of opposite sign which it has 
induced on the nearer portion of the body which was initially 
without charge. 

To Charge an Electroscope by Induction,-— -The four essential 
stages by which this is accomplished are shown in Fig. 35'7. A 




(P 
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(C) (cl) 

Fig. 35’7.— To Charge an Electroscope by Induction. 

negatively charged ebonite rod, A, is brought near to an uncharged 
electroscope, the metallic case of which is earthed. Positive 
electricity is induced on the disc of the electroscope whilst negative 
electricity is found on the leaves. This is the reason why the 
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leaves of an electroscope diverge even when the charging rod 
does not touch the instrument [see Fig. 35*7 (a)]. The disc of 
the electroscope is then earthed — touching it with a finger will be 
efiective [Fig. 35^7 (6)]. The negative charge is removed to 
earth but the positive charge does not so escape, for the negative 
charge on the rod attracts it very considerably. The finger is 
then removed and no change in the electroscope is observed [Fig. 
36-7 (c)]. The rod is then removed and the positive charge on the 
disc spreads itself all over the surface of the disc and leaves, so 
that the leaves diverge. The fact that the leaves have a positive 
charge can be demonstrated by bringing a negatively charged rod 
near to the electroscope when the leaves tend to collapse, i.e. the 
negative rod induces negative electricity in the leaves, and this 
tends to neutralize the positive charge which is present there. In 
fact, if the negatively charged rod carries a large quantity, then on 
bringing it nearer and nearer to the electroscope the leaves collapse 
completely and then diverge again. In this latter stage there is 
an excess of negative electricity on the leaves so that these diverge 
again. 

Theories of Electrification. — In the eighteenth century at- 
tempts to account for electrical phenomena usually postulated 
the existence of one or two imponderable fluids. Feanklin (1749), 
and others, proposed a one-fluid theory according to which all 
bodies in their ordinary neutral condition were assumed to possess 
a definite quantity of this fluid, whereas an excess or deficit of this 
fluid produced a positive or negative distribution respectively. 
FranMin further assumed that the fluid was self-repellent but 
attracted by ordinary matter. Hence the amount of fluid associated 
with a so-called neutral or uncharged body was such that the 
attraction between the body and the fluid in it was counterbalanced 
by the repulsion between the fluid in the body and the flmd external 
to it. 

In 1759 Symmer proposed a theory postulating the existence of 
two imponderable fluids.* Coulomb developed this idea, maintain- 
ing that a positive state of electrification was not due to an excess 
of electric fluid and the negative state to a deficiency, but in the 
former instance the state of electrification was due to the possession 
of a larger portion of one of those active powers ’’ : in the second 
instance to a larger portion of the other. Moreover, a body in its 
natural state was imelectrified because there was an equal ballance 
of those two powers in it.” * 

Modern theory suggests that there is an ‘‘ atom of electricity 
just as there are atoms of ordinary matter. The atom of electricity 
is termed an e/ec^roit t each electron is a definite quantity of 
negative electricity and its mass ib jxVo of that of a hydro- 
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gen atom. A ne^tive charge is acquired when a body gains a 
number of electrons, whilst a deficit in the number of electrons 
normally present gives rise to a positive electrification. When, 
for example, glass is rubbed with silk, electrons are transferred 
from the glass to the sfik so that the glass becomes charged 
positively and the silk negatively. The equality of the two kinds 
of electricity produced by friction [cf. p. 593] is at once explained 
and we see that there is no such thing as a generation of electricity, 
but that electric phenomena are due to a mere redistribution of 
the amount of electricity normally present in a body. Conductors 
permit a free passage of electrons through them whereas non- 
conductors only allow the electrons to suffer a small displacement 
from their zero positions. 

The Distribution of Electricity on Bodies.— (a) Poorly 
Conducting Substances : When a charge is given to one of 
these substances it is confined to that region of its surface where 
it has been in contact with the chargings body. If the substance 
were a perfect insulator and there were no loss of charge through 
the surrounding medium, its charge would remain on its surface. 
In practice it is found that the charge gradually distributes itself 
over the body and to a less extent into its interior. Thus a piece 
of sealing-wax rubbed at one end only exhibits electrification at 
that end. 

(b) Conductors: With conductors it is found that the charge 
resides wholly on their surfaces. This may be demonstrated by 
insulating a metal tin on a block of paraffin wax and charging the * 
tin. The distribution of the electricity on it may be ascertained 
by using a proof plane [see Pig. 35*6 (6)]. This consists of a 
small metal disc attached to the end of a piece of sealing-wax. In 
use, it is brought into contact with any body under examination 
and then allowed to touch the cap of a gold-leaf electroscope having 
a charge of known sign. If the angular separation of the leaves 
increases, then the proof plane had a charge similar in sign to 
that on the electroscope. The reverse is true if the angular separa- 
tion decreases. If the amount of decrease is very small the proof 
plane may be uncharged. To test this the electroscope should be 
given a charge of opposite sign to that it carried initially. If, 
when the plane is brought into contact with it, there is again a 
small decrease in the angular separation of the leaves, the proof 
plane will have been uncharged, but if there is a small increase 
in the angular separation, then the proof plane wiU have been 
carrying a small charge equal in sign to that now present on the 
electroscope. To verify that there was no charge on the proof plane in 
a suspected instance, it may be placed in contact with an uncharged 
electroscope. If its leaves do not diverge the plane is uncharged. 
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If the proof plane is allowed to touch the ottside of the above 
tin it will always be found charged. On the other hand, if it is 
placed well within the tin and allowed to touch the interior, no 
charge will be detected on the plane when it is removed. 

Also, if an insulated charged conductor is introduced into an un- 
charged tin supported on an insulating stand and allowed to touch it, 
it will be found uncharged when it is withdrawn. On testing the 
tin with a proof plane, however, a charge will be detected on its 
outside only. 

Similarly, if a pair of gold leaves is supported inside a closed 
wire-gauze cage, the leaves do not diverge when the cage is charged. 

Faraday, in order to examine this question still further, placed 
a charge on a butterfly net. This consisted of a conical linen-gauze 
bag : it was supported on an insulated ring and had silk strings 
attached to its apex so that it could be drawn inside out. When 
examined with the aid of a proof plane and electroscope, Faraday 
found the charge only on the outside of the bag. When the bag 
was turned inside out, a charge was only detected on its outside — 
that portion which had previously been the interior. 

Faraday's Ice-Pail Experiments. — One of a most striking 
series of experiments first carried out by Faraday was as follows 
A pewter ice-pail, or, as one would now use, a cylinder of perforated 
zinc sheet, B, Fig. 36*8, supported on an insulating stand [a block of 
paraffin wax] is connected by a wire to the cap of a gold-leaf electro- 
scope C. Let us assume that a positively charged conductor A is 
lowered into the cylinder. As soon as the ball gets near to B the 
■leaves of the electroscope begin to diverge owing to the inductive 
action ofthe charge, i.e. negative electricity appears on the inside of 
the cylinder while positive electricity is found on its outside and on 
the cap of the electroscope which forms part of the conductor under 
the influence of A. The divergence increases until the body A is 
well inside B — ^after this the divergence remains independent of the 
position of A inside B. This shows that the potential [cf. p. 696] 
of B and the electroscope is constant and independent of the position 
of A, providing the latter is well -within B. K A is withdrawn, the 
leaves collapse. If, however, A is allowed to touch the inside of 
B before it is withdrawn, the divergence of the leaves is unaltered. 
Thus the potential of B is not changed when the positive charge 
on A is neutralized by the induced negative charge inside B. If 
now, A is removed, the divergence remains the same, i.e. there can 
be no charge on A after it has touched B— in other words, no 
charge resides on the inner surface of a hollow conductor. 

The above experiment may be varied by touching the can with 
one’s fingers while the charged body A is inside it but before contact 
between A and B has occurred. The positive induced charge 
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disappears and the leaves collapse. On removing one’s fingers the 
leaves still remain together, a condition which is not changed when 
A is allowed to touch B. This is because the negative induced 
charge on B neutralizes the positive inducing charge. If A is 



withdrawn, however, after B is earthed, the leaves of the electro- 
scope diverge, due to the fact that the induced negative charge 
on B distributes itself over B and 0. 

To Show that the Electric Intensity inside a Charged Tin 
is Zero. — Let us suppose that the cylinder of the previous experi- 
ment has been charged. Let two proof planes with their metal 
discs touching be placed outside the cylinder so that one disc is 
a little farther from it than the other. If the two plants are 
separated while in this position and first one, and then the other, 
brought into contact with a charged electroscope, they will each 
be found charged with electricity of opposite sign. This is because 
they have been in an electric field and the charges induced upon 
them isolated by separating the component parts of the conductor 
while stiU in the field. On the other hand, however, if the two 
discs are placed right inside the charged cylinder, separated, with- 
drawn from it, and then examined, no charge will be detected on 
either. Hence they must have been separated in a field where 
the electric intensity was zero. 

Positive and Negative Charges produced by Friction are 
always Equal in Amount. — A small metal disc insulated by a 
wax handle is covered with a piece of ebonite, whilst another similar 
disc is covered with fur. The ebonite and the fur are discharged 
by placing them in contact with an earthed metal plate [or better, 
by allowing X-rays to faU on them]. The absence of electrification 
on them may be tested by introducing them in turn into a tin 
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placed on top of a golddeaf electroscope. An absence of divergence 
on the part of the leaves shows that they are not electrified. The 
two are then placed right inside the tin and rubbed together. The 
leaves do not diverge, showing that the total electrification on the 
two bodies is zero. But if either disc is withdrawn, the leaves 
diverge. Smce both the fur and the ebonite may thus be shown 
to be charged" while their total electrification is zero, we conclude 
that the positive and negative electricity are produced in equal 
amounts during this process. 

To Show that the Surface Density of Electricity is Greatest 
where the Body is most Sharply Curved. — ^If a pear-shaped 
conductor is charged and the distribution of the charge examined 
with the aid of a proof plane it will be found that the density of 
the surface electricity is a maximum at those points where the 
curvature is greatest (i.e. the radius of curvature least). For this 
experiment lead discs, equal in area, are bent so that each fits a 
particular portion of the surface to be tested. They are then 
mounted on sticks of sealing-wax and applied, in turn, to those 
portions of the conductor for which they were designed. In this 
way the amounts of electricity on equal areas of a charged surface 
may be compared by observing the divergence of the leaves of a 
gold-leaf electroscope when the charged discs are placed, in turn, 
right inside a deep tin can placed on the disc of the electroscope. 
If this is uncharged before each disc is introduced, the divergence 
is directly proportional to the charge on the disc. 

EXAMPLES XXXV 

1. -— Define the electrostatic xmit of quantity of electricity. What 
do you xmderstand by the statement that equal quantities of two kinds 
of electricity are produced when ebonite is rubbed by fur t How would 
you test the accuracy of this statement ? 

2. — ^The force of attraction between two charges is 103*4 dynes when 
the distance apart is 6*3 cm. If one charge is numerically equal to 5 
times the other, calculate the magnitude of the smaller charge. 

3. — Three charges, 3, 4, and 5 positive units respectively, are placed 
at the comers of an equilateral triangle whose side is 10 cm. Calculate 
the force on the larger charge. 

4. — ^Two charges attract one another with a force of 8*3 dynes when 
their distance apart is 6*2 cm. Calciilate the force when the distance is 
trebled. 

6.— Describe how you would charge an electroscope by induction. 

6. — ^Describe a gold leaf electroscope and explain how you would 
use it to investigate {a) the distribution of charge over an insulated 
charged conductor, (6) which of the following are conductors of elec- 
tricity— paper, india-rubber, chalk, a gas flame. 

7. — ^Describe how you would show that there is no charge inside a 
tall insulated and ctorged tin and that the electric intensity inside is 
also zero. 
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POTENTIAL AND CAPACITY 


^Potential Difference.— Wlien two charged conductors are con- 
nected by a wire, in general, there is a passage of electricity from 
one to the other : there is a redistribution of charge although the 
total quantity of electricity (reckoned algebraically) is constant. 
If, for example, the charges on the conductors are + 25 and — 8 
units respectively, the total charge before and after placing the 
conductors in communication is + 17 units. We may examine 
the matter qualitatively as follows : 

Suppose that two insulated metal spheres have been charged 
(by indxiotion is a convenient method). If each, in turn, is placed 
right inside a hollow metal conductor resting on the disc of an 
electroscope, the leaves will diverge, the ratio of the angles through 
which the leaves are deflected in the two instances being a rough 
measure of the ratio of the charges. Now let both spheres be 
placed inside the above hollow conductor but without permitting 
them to touch. Note the deflexion of the leaves. If the spheres 
are then allowed to touch the divergence of the leaves is unaffected, 
i.e. the total charge is constant. If the spheres are tested individu- 
ally afterwards, it will be found that there has usually been a 
redistribution of charge. 

The question which arises at this stage is ** What are the con- 
ditions determining the direction in which the electricity shall 
flow ? Before attempting to answer it, we must be provided 
with a means of obtaining definite multiples of a given amount of 
electricity. The following method is simple and sufficiently accurate 
for our present purpose. A well-insulated metal sphere is charged 
negatively and a small metal sphere, also insulated, placed near 
to it. This latter is charged by induction and if touched momen- 
tarily with the finger the positive induced charge alone remains. 
If the small sphere is removed and placed inside a hollow conductor 
the whole of its charge is given to that conductor. An equal charge 
may then be given to the small sphere by placing it in the same 
position with respect to the large one and repeating the process. 

Suppose that two identical gold-leaf electroscopes axe available, 

m 
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and that on their discs rest two deep metal cans A and B, Eig. 36.1 
(a). By charging the small insnlated sphere already referred to, 
introducing it into A and allowing it to touch the sides of the 
can, its whole charge is given to A and the leaves of the electroscope 
diverge. The sphere itself is discharged and may he recharged to 
the same extent in the manner already indicated. Suppose that 
e<iual charges are given to A and to B. It will be found that the 
divergence of the leaves is different in the two instances if A and 
B are different in size. Now let a wire, insulated by supporting it 
on a stick of sealing wax, be allowed to touch both A and B simul- 
taneously, as in Eig, 36.1(6). The divergences of the leaves are 
equal, that of the leaves on the first electroscope having increased, 
while that of the leaves on the second have decreased'. Since there 
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(a.) 

Fig. 36* 1. — ^Introductory Experiment on Potential, 


has been a change in the deflexion of the leaves it is concluded 
that there has been a transfer of electricity from one system to 
the other. Since equal quantities of electricity were given to them 
originally, it follows that quantity of electricity is not the factor 
determining the flow of electricity from one to the other. The 
factor which does determine it is termed electric potential differ--* 
ence and if two charged conductors are connected metalHoany one 
with the other, electricity flows from the conductor at the higher 
potential to the other. Since only potential differences may be 
detected, it is convenient to have a standard of zero potential, so 
that one may then speak of the potential of a body. The surface 
of the earth, this being a conductor, is an equipotential surface 
[cf, p. 604] and is taken as the zero of reference. [Small variations 
of the potential of the ground due to earth currents, etc., are 
ignored,] 

Analogies from other Branches of Physics. 

(i) From hydrostatics. Suppose that A and B, Eig. 36*2, are 
two cans connected together by a pipe, fitted with a stop-cock, 0, 
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as shown. Let tMs pipe be very small compared with A or B. 
Let equal quantities of water be placed in each can. The levels 
are indicated by the full lines. 

On opening C liquid passes from 
A to B until the levels are the 
same in each — shown by the 
dotted lines. The flow takes 
place in the direction from A to 
B since the pressure on the A-side 
of C is greater than that on the 
B-side. 

(ii) From Heat. Suppose a small iron ball is heated until it is 
red hot and then placed in contact with a large iron ball at room 
temperature. The large ball may contain more thermal energy or 
heat than the smaller one, the total energy associated with the 
molecules of a body being regarded as its heat content, but heat 
flows from the hot body to the cooler one, i.e. it is the temperature 
of a body which determines whether or not it shall communicate 
heat to another body in contact with it. 

Electric Potential. — ^The potential of a body is its electrical 
condition determining whether or not electricity flows from it to 
earth, or vice versa, when there is. metallic connexion between the 
body and earth. If the flow is from the body to earth, the potential 
of the body is said to be positive : it is negative when the flow is 
in the reverse direction. 

The above is only a general statement about potential : to develop 
the theory of electrostatics it is necessary to have a precise definition 
of potential. . Let us see how this is obtained. 

Suppose that a small positive charge finds itself in an electric 
field— the presence of this charge will be assumed not to affect 
the original distribution of charges to which the field is due. Then 
owing to the existence of an electric intensity at the point where 
the charge is, it will experience a mechanical force. If the small 
test charge is not fixed it will move — ^in the direction of the electric 
intensity when the above charge is positive ; in the reverse direction 
if it is negative. If the small test charge is moved about in the 
field, we may either have to do work against the forces due to the 
field, or they may do the work for us. YjO^prgyey the charge is 
situated thei*e will be associated with it a de^te amount of potential 
energy, this being- equal to the work done in bringing the test charge 
from a point where the potential energy associated with it is zero 
to the point in question. This energy will be considered positive 
when the work is spent in overcoming the forces acting on the 
test charge. The potential energy will be zero when the electrical 
intensity is zero, i.e. at infinity. 




Fig. 36*2, — Potential-Analogy 
from Hydrostatics. 
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If the electric field is due to a positively charged body, the 
electric intensity will be directed away from the body at all points 
in the field and work wiU be done in overcoming the force arising 
from the electric intensity at each point in the path of the test 
charge, when this is positive, as it moves from infinity towards the 
charged body. The potential energy of the test charge is every- 
where positive. If the field is due to a negative charge, the potential 
energy is negative. 

The above considerations enable us to define a difference of 
potential as follows .—The potential at a point A exceeds that 
at a point B by the numerical value of the work done against 
the field in taking a unit positive charge from B to A. 

More strictly, the potential at a point A exceeds that at a point B 
by the work done per unit positive charge against the field in taking 
a small positive charge from B to A. 

In mathematical language we may state that the potential difference 

Aw dw 

between A and B is the limiting value of i.e. , where is the 
work done against the field in transferring a charge Aq from B to A. 

If B is at infinity the potential there is zero, so that the potential 
at apoint in an electric field is equal to the work done against 
the field per unit positive charge in bringing a small positive 
charge from infinity to the point in question. 

It cannot be emphasized too strongly that whereas work, or 
potential energy, is measured in ergs (say), electric potential is 
measured in ergs per unit charge. 

befinition of the C.G.S. electrostatic unit of potential 
difference. The potential at a point is one C.G.S. electro- 
static unit of potential if one erg of work is done against 
the field on unit-positive charge in bringing it from infinity 
to that point. 

This unit has no other name but it is equivalent to 300 volts, the 
volt being the practical unit for potential [cf. p 741]. 

The Earth’s Gravitational Field.— The gravitational intensity 
or force per unit mass, near to the earth’s surface is constant— it 
is equal to g absolute units of force per unit mass, since the force 
acting on a mass m is mg. Consequently, there must be a definite 
gravitational potential at points in the earth’s gravitational field. 
It is because the gravitational intensity is constant at points near 
to the earth’s surface that we are able to calculate the gravitational 
potential at points in that region. For if a mass m is raised through 
a vertical distance h the wort done against the earth’s field is mgh. 
Since this is the potential energy of the body of mass m at a height A, 
the potential at that point is gh. 

From the above it wiU be realized that it is only because the 
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gravitational intensity is constant over the region considered that 
the gravitational potential at a point in that region can be calculated 
by very simple methods. In electrical fields the electric intensity 
is not, in general, constant, so that it is only in rather simple 
instances that the potential at a point in an electric field may be 
computed. In these calculations the zero of potential is selected 
to be at infinity : in practical problems involving the measurement 
of differences of potential, the earth is considered to be at zero 
potential. 

The Principle of the Action of a Gold-Leaf Electroscope*— 
Suppose that a positive charge is given to an insulated metal body 
and this is allowed to touch the disc of a gold-leaf electroscope 
whose case is earthed, and therefore at zero potential, as in Fig, 
36*3 (a). Electricity flows from the charged body to the disc and 
leaves, the charge on the leaves acting inductively on the case, 
where only a negative charge appears since the case is earthed. 
It will be found that the leaves diverge: there is a potential 
difference between them and the case. 

If the charge on the body allowed to touch the electroscope is 



(i> (c) (d) 

Fig. 36*3. — Principle of the Action of a Gold-Leaf Electroscope. 

negative, the state of affairs is shown in Fig. 36*3 (b) when again 
the leaves diverge and there is a potential difference between them 
and the case. 

Now let the electroscope be supported on an insulating stand 
and its disc earthed. When a positive charge is given to the case 
of the instrument a negative induced charge appears on the leaves 
which diverge : there is a difference of potential between the leaves 
and the case — see Fig. 36*3 (c). 

When, however, the electroscope still being insulated, there is 
metallic connexion between the case and the disc, see Fig. 36*3 (d!), 
no divergence of the leaves occurs when the case is charged : there 
is no difference of potential between the leaves and the case. 

The above experiments show that the leaves of an electroscope 
will only diverge when there is a difference of potential between 
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them and the case of the instrument. If, as usual, the case is 
earthed, the divergence of the leaves measures the potential of the 
leaves and any body attached to them. [If the capacity of the 
body (cf. p. 606) is large compared with that of the electroscope 
and charges are alwajj^ communicated to the same body, then the 
deflexion of the leaves is a measure of the charge received by the 
body.] 

Free and Induced Potentials.— Since work must be performed, 
either by the field or against it, when a charged body is brought 
from infinity to any point in the field of a charged body, it follows 
that a charged body must possess potential energy due to its own 
charge, for we may imagine that its charge has been obtained, by 
bringing up in succession small charges from infinity, each process 
involving a certain amount of work on accoimt of that fraction 
of the total charge already present on the body. The potential 
of a body due to its own charge is termed its free potentiaL 

Now let it be supposed that an uncharged gold-leaf electroscope 
is brought into the field of a positively charged body for example. 
The electroscope finds itself in a field where the potential is every- 
where positive: its leaves are deflected and therefore it must be 
at a definite positive potential itself. There is no charge on the 
electroscope as a whole, although from our study of electrostatic 
induction we know that negative electricity has been induced on 
the cap and positive on the leaves. The potential of the electroscope 
is termed an induced potential. 

On Testing the Nature of a Charge by means of an Electro- 
scope.— Suppose that an electroscope has been given a positive 
charge so that its free potential is positive. Let a positively charged 
body be brought gradually nearer to the electroscope. This will 
acquire, in addition to its own free positive potential an induced 
positive potential : since the instrument is a detector of potential 
differences the leaves will diverge further. The divergence increases 
as the distance between the body and the electroscope diminishes. 
This is a sure test for a positively charged body. 

Now let a negatively charged body be brought near to a positively 
charged electroscope. This acquires a negative induced potential ; 
iis resultant potential is therefore reduced and the leaves collapse. 
As the body approaches more closely the divergence of the leaves 
decreases since the induced potential is becoming numerically 
greater* XJltimately, the leaves fall together and then begin to 
diverge again since the negative induced potential is numerically 
larger than the positive free potential of the instrument. The 
resultant potential is negative : this increases as the body is moved 
still nearer. 

It must be borne in mind that an initial decrease in the diver- 
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gence of the leaves of an electroscope positively charged when 
a body is brought near, does not necessarily imply that the body 
is negatively charged for a similar effect is observed when the body 
is tmoharged. 

To test whether a body carries no charge at all an attempt is 
made to charge an electroscope by induction : if there is no induced 
charge the body under test is uncharged. 

The Electrical Potential due to a Point Charge in Air. — Let f 
be a point charge situated at 0, Fig. 364, and let P be the point at 
which the potential is required. Join OP and produce this line 


O 


^ ^ ^ 






oo 


Eia. 364. 


to infinity. Let Pj., P^, Pg 




. . P^, be points on 
this line at distances fi, r 2 , fs) • • • from 0. Then 

. Vp, the electric potential at* P, is tlie work done in bringing up 
unit-positive charge from infinity, i.e. to P. Since the electric 
intensity, or force against which the work is done, is not constant 
between P and co, we have to proceed to calculate the work done 
as follows : — 

The electric intensity at P is at Pj it is Nowif randfj 

do not differ by more than a small amount, the arithmetical mean 
of these two quantities will be equal to their geometrical mean, viz. 

X 

ffi 


Hence the work done in passing from Pi to P will be 

Similarly the work done in moving the unit-positive charge from 
Pa to Pi is “ jrJ* ^ general, the work done between two 


neighbouring points P„_i and P^ is q . Consequently 

'tive charge J 


the total work done in bringing unit-positive charge from oo to 
P is 


If ^ 


+ 


The above resfilt may be obtained with the aid of the calculus as 
follows. At a point X, ^stance so from O where there is a point charge q. 


A 
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the eleotrio intensity is and is directed along OX. Let OX be the 

a?-axis and suppose unit positive charge is brought from infinity to X 
along this axis. If the unit charge moves from X to a point whose 

abscissa is x ~h the work done by the external agent is — 

' r) is 


r 

j 0 


The work done in bringing the charge from infinity to P(£tJ 

^ = [f]=o“7- 

If there are several point changes, gj, the potential 

n ^n 

at a point P is the contribution from each charge to the 

n = l ” 

total potential is unaffected by the presence of the other charges. 

If P and Q are two points in an electrostatic field having potentials 
Vp and Vq respectively [Vp> Vq (say)], then W, the work done 
by an external agent in moving unit-positive charge from Q to P, 
is numerically equal to Vp — Vq. Since this value is independent 
of the potentials at points intermediate between P and Q it follows 
that the work done is independent of the actual path along which 
the unit charge is transported. If this were not so, energy could 
be obtained by taking a charge along one pa»th and allowing it to 
return along another where less work was done when the charge 
was taken along it. This would violate the principle of the con- 
servation of energy . 

Also, since work == force x distance, the average electric 
intensity between P and Q, is 
to Q if Vp > Vq. 


Vp — Vo 
— is directed from P 


If P and Q are neighbouring points at potentials V and V + ZlV 
respectively and at distances r and r Ar from an origin O in QP 
produced, then, if E is the electric intensity at P in the direction of 
T increasing, 

— E = work done per unit positive charge by an external 
agent in taking a small positive charge from P to Q. The minus sign 
occurs since the work is done by the field. But the work done by the 
external agent is equal to the increase in potential in passing from 
P to Q, viz. AY» 

~E./4r = /IV, 
dV 

i.e. proceeding to the limit, E = — 
dV 

The expression measures the potential gradient at P in the 
direction of r increasing. 

Defimtion.-^A surface in an electric field such that at eyery 
point on it the potential has the same valueM ts termed an 
equipotential surface. 
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Since no work is done when a charge is moved along an eqid- 
potential stirface, it follows that the lines of force must be perpen- 
dicular to equipotential surfaces. To prove this, let E be the 
electric intensity at a point on an equipotential surface. Let V 
be the potential and let E make an angle 6 with the tangent to 
the surface at the point considered. If As is the small displacement 
of a unit positive charge from the above point to another on the 
same surface, the work done is 

E cos d. A s = 0 

7t 

since AY = 0. If E is not zero, cos 6 = 0, i.e. ® = 2 * 

Equipotentials due to Point Charges. — Since the potential 

at a point r cm. away from a point charge q is p it follows 

that the equipotentials will be spheres having q at their common 
centre. A picture of these equipotentials is obtained by giving 
g some fixed value, and calculating the 
values of r corresponding to difierent 
potentials. Thus, for a point charge 
g = 50 E.S.U., the equipotential 

V = 20 is represented by a circle of 
radius !■§• = 2-5 cm. Fig. 36-5 indicates 
some of the equipotentials due to such 
a charge. It vdH be noticed that equi- 
potentials differing by the same amount 
are nearer together the more closely 
they approach the charge. Since 
[average] electric intensity = potential 
difference -^-distance, it foUows that 38.5 due 

the intensity is greatest where such to a Point Charge, 
equipotentials are nearest together. 

The equipotentials due to point charges and are obtained 
by drawing the series of equipotential surfaces due to each charge 
alone and drawing lines through those points which have the same 
resultant potential. 

Exercise *- — Construct the equipotentials and lines of force due to 
charges + 30 and — 10 E.S.U. at a distance apart of 5 cm. 

The lines of force may be constructed by drawing curves cutting 
the equipotentials at right angles since the lines of force and equi- 
potentials cut orthogonally, i.e. at right angles. 

The lines of force and the equipotentials for an insulated sphere 
under the infiuence of a charge on a small body are shown in Erg. 
36*6 It will he noticed that the lines of force meet the sphere 
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at right angles, and that the eqnipotentials and lines of force 
intersect at right angles, i.e. they ont orthogonally. 

[Although the lines of force and equipotentials have been drawn 
for a special instance, the nature of the curves is similar even when 
the shape of the conductor is more complicated.] 



Fia. 36-6. — Lines of Force and Equipotentials for an InsiUated Sphere under 
the Influence of a Small Charge. 

I Since the surface of the conductor is an equipotential with 
negative electricity on the side nearer the incident change and positive 
on the remote side, it follows that one of the equipotential surfaces 
must include the surface of the conductor itself. When only one kind 
of electricity is on a conductor, the equipotentials suiTOund that 
conductor and one, of course, coincides with its surface. 

The Potential due to a Uniform Distribution of Electricity 
on a Sphere. — Let P, Fig. 36*7 (a), be the point at which the 



Fig. Se-?.-— Potential due to (a) a Charged Spherical Conductor and (b) a 
Charged Metal Disc. 
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potential due to a charge of surface density cr on a sphere of radius 
a is required. Let OP — r. If A and B are two points on the 
surface such that the angles AOP and BOP are 6 and 0 + respect- 
ively, the area of the ring traced out by AB when the figure 
is rotated about OP is sin 6 . adS. The charge on this is 
sin QdO, and since each point on this ring is at the same 
distance x from P, the potential at P due to this charge is 
sin ddQ -f- x, where -f r 2 _ 2ar cos 6. 

Hence = ar sin Add. 


V = 


27iaa 


f' 


dx 


where ajj and X 2 are the values of x when -0 is 0 and 71 respectively. 
For a point outside the sphere x-^ = (r — a), x^ == (r + a) 


27iaa 4aa^a 

V ~ . 2a = 

r r 


or if is the total charge on the sphere, 


For a point inside the sphere Xi^ a -- r, X 2 = a r, 


V =?^.2r^ 
r 


: 4maa = ~ 
a 


i.e. the potential inside a charged sphere is everywhere constant 
and equal to that of the sphere itself. This last result is very 
important for it is true for all closed conductors [cf. p. 636]. 


dV« 


Since Vq = the electric intensity outside is ^ or i.e,, 




like the potential, it is the same as if the charge were concentrated 
at the centre of the sphere. Inside the sphere the intensity is zero, 
since the potential at points inside thesphere is constant and equal to 
that of the sphere itself. The result is true for all closed conductors. 

The Potential at a Point on the Axis of a Disc having a 
Uniform Surface Charge of Density a . — The charge on a ring 
whose inner and outer radii are r and r + dr, Pig. 36-7 (6), is 27 tar, dr. 

The potential at P due to this is points on the 

ring are equidistant from P. If a is the radius of the disc, we have, 

V = 2na I ■ = 2;ror . [(** + a*)i - a:] 


Since the diagram is symmetrical about the x - axis, the resultant 
electric intensity must be directed along this axis. Hence 

dV ^ r X -] 

+ J’ 


E 


dx 


■ 2m\ 


I 

1 
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When the disc becomes very large, i.e, a == oo, E =s i.e. the 
electric intensity is constant. 

In this problem we have assumed that the electricity is confined 
to one side of the disc. We know that it is on both sides so that 
the total electric intensity due to a uniform distribution bn a 
metal disc is 47ro‘. 

The Action of a Condenser. — ^Let A be an insulated metal 
plate which has acquired a positive charge and a corresponding 

positive potential. A second 
insulated plate B is then 
brought near to A so that B 
becomes charged by induc- 
tion, the distribution of elec- 
tricity being as in Fig. 36*8 
(a). It is now necessary for 
us to consider the effect of 
B’s charges on the potential 
of A . The negative charge 
on B will tend to diminish 
the potential of A, whilst the 
positive charge on B tends to 
increase it. Although the 
two induced charges on B are 
equal in amount the negative 
Fig. 36*8.~-The Action of a Condenser, charge on B will have a 

greater effect on A than the 
positive charge will have, owing to the fact that it is nearer to A, 
Thus the sum total of the effect of B on A is to lower the poten- 
tial of the latter. If A is connected to some constant source 
of potential, such as a battery of electric cells, then more 
electricity will flow from the battery to A in order to raise its 
potential to its original value V. 

When the plate B is connected to earth, Fig. 36*8 (6), there 
remains only the negative charge on it—in magnitude it is some- 
what greater than before, since the nearby positive charge which 
tended to diminish it has been removed.^ The effect of this increased 
negative charge on A is to lower its potential again so that still 
more electricity flows from the battery to A. In other words 
the capacity of A for electricity has been increased. 

Such an arrangement as this, in which an earthed plate is used 
to enable a second, but insulated, plate to acquire a greater charge, 
is called a plate condenser. 

^ An analogy from the theory of magnetism may be useful here. It is 
difficult to obtain a strongly magnetissed short needle because the two poles 
tend to neutraliase one another. 



POTENTIAL AND CAPAOITY 


607 

The capacity (c) of a condenser is defined as 
Charge or quantity of electricity (g) on the positive plate 
Potential difierence between its plates (v) 

— Capacity (c), ie. c — 

To Investigate the Factors influencing the Capacity of a 
Condenser. — ^It wiii be assumed that the condenser consists of 
two metal plates, one earthed and the other insulated and con* 
nected to the cap of an electroscope. Suppose that the insulated 
plate is charged positively — ^the portion of the charge on the electro- 
scope is small and is not indicated quantitatively in the diagram. 
There will also be an induced charge on the earthed plate, but when 
we speak of the charge on a condenser we imply the charge on 
the insulated plate : numerically, the charges are, of course, equal. 



Fig. 36* 9.' -"Factors Influencing the Capacity of a Condenser. 

Such a system is shown in Fig. 36*9 (a). If the distance between 
the plates increases as in Fig. 36*9 (6), the angular separation of 
the leaves increases, i.e. the potential difference across the condenser 
has increased. Since the charge on the condenser has remained 
constant it follows that its capacity has diminished. If the plates 
are brought closer together the leaves tend to collapse, showing 
that the potential difference is less and the capacity greater. 

Suppose now that we have two condensers, the distance between 
the plates being constant but their areas different, the electroscopes 
to which they are connected being identical. Let equal charges 
[of. p. 596] be given to each system. The electroscopes wiE indicate 
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that the potential of the (c) system is the greater, i.e. the capacity 
of (d) is greater than that of (c). 

It now remains to examine how the capacity of a condenser 
depends on the nature of the medium separating the plates. The 
insulating medium separating the plates of a condenser is referred 
to as a dielectric — in the above the dielectric has been air. In 
Fig. 36*10 (a) the potential of a condenser is demonstrated by the 
divergence of the leaves of an electroscope. In 36*10 (6) a slab of 
insulating material, parafiSn, wax, ebonite, or glass, has been intro- 
duced between the plates. The leaves suffer a diminished diver- 
gence, showing that the potential of A has fallen. If A were 
connected to a source of constant potential then more electricity 
would flow to A, i.e. the introduction of the dielectric has increased 
the capacity of the system. 



Fio. 36' 10.— Action of a Dielectric (Insulator) on the Capacity of a Condenser. 

The Electrostatic Capacity of a Sphere in Air. — ^We have 
seen that the potential at a point in air (strictly in a vacuum) 
outside a charged sphere is equal to the charge on the sphere divided 
by the distance of the point from the centre of the sphere. The 
potential at a point on its surface due to the charge on the surface 

is therefore where a is the radius. There is also a charge — q 

at infinity, but its contribution to the potential of the sphere |s 

zero. The total potential is therefore The capacity of the sphere 

is therefore ^ = a, i.e. the capacity of a sphere expressed in G.G.S. 

electrostatic units of capacity is numerically equal to its radius in 
centimetres. 

■'V ■ 

Experimmt*>^A, Fig. 36'11, is a glass tube to which is attached a short 
metal tube B. C is a Woulf’s bottle containing a little phosphorus 
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pentoxide so that its interior shall be dry — ^to dimmish the natural 
leak of the apparatus. B is a tube leading to a bicycle pump. B is 
joined to the disc of a gold-leaf electroscope E, A small soap bubble 
is blown at the end of B, and B is charged with electricity. The leaves 



of the electroscope diverge. When the bubble — shown dotted — ^is en- 
larged by forcing air into the apparatus the divergence of the leaves 
of the electroscope diminishes showing that the potential of the system 
has decreased-— because its capacity has increased. If the air in 0 
is allowed to escape, the bubble contracts and the divergence of the 
leaves increases. 

The Capacity of a Concentric Spherical Air Condenser. — 
Let A and B be two concentric spheres, the outer one, B, being 
earthed. Let a be the radius of A, and b the radius of the interior 
surface of B, for it is upon this surface that there will be an induced 
charge — g, if g is the charge on the inner sphere. The potential 


of A due to its own charge is 

a 


But the potential at all points 
inside B, due to the indxiced charge on its interior, is — Hence 

the actual potential of A is giTi — i Since the outer sphere is 

earthed this expression gives the potential difference between the 
two spheres. The capacity is therefore 

q ri n * ab 

The Capacity of a Parallel Plate Air Condenser. “-When the 
radii of the above spheres are nearly equal, le. 6 — a == where t 


is small compared with a or 6, the capacity becomes 


ah a{a-+-t) 


a ^ ^ 

= approximately. The capacity per unit area of the condenser 

V 

is therefore a result independent of the radii^ 

of the spheres providing they are large compared with L 

nr. % 


L 
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When the radii of the spheres become very large and we 
consider unit area of the condenser, we may regard this as a con- 
denser formed of two parallel plates each of unit area. Hence, 
if we have a parallel plate condenser formed by two very large 
plates each unit area of this condenser wiU have a capacity equal 

to “ where t is the distance between the plates. If A is the area 

A 

of each plate the capacity of the whole will be This result is 

only true if tis small compared with the linear dimensions of the 
plates for it is only then that the lines of force are normal to each 
plate— in the spherical condenser considered above the lines of force 
are radial and therefore normal to the surface of each sphere. If 
lis increased the lines of force bulge outwards near the edges, an 
e^ect which increases with t, and the simple theory developed 
above is not applicable. 

Dielectric Constant.—When a dielectric is inserted between the 
plates of a condenser it has been shown that the capacity is increased. 
If the dielectric completely fills the space between the plates of the 
condenser, then it is found that the ratio 


: constant (/c). 


Capacity of condenser with a dielectric 
Capacity of same condenser in air 
This constant is numerically equal to /c the specific inductive 
capacity or dielectric constant of the dielectric with reference 
to air, the specific inductive capacity of which is imity for all 
practical purposes. 


The Leyden Jar, — ^The Leyden jar, so named after the city 
where it was invented, is a common form of condenser. In its 
usual form it consists of a glass jar lined inside and out to perhaps 
three-quarters of its height with tinfoil. A brass knob, Mg. 
36-12 (a), is attached to one end of a brass rod passing through 
a wooden lid fitting the mouth of the jar. This wood is well covered 
with shellac varnish to improve its insulating properties. Electrical 
communication between the knob and the inner coating of the 
jar is made by a short length of brass chain hanging ifrom the 
lower end of the rod. * 

The outer coating of the jar is earthed. Hence, when the knob is 
connected to a source of positive electricity a positive charge 
is acquired by it and the inner coating of the jar. This charge 
acts inductively on the outer coating, and since this is con- 
nected to earth, a negative charge is retained by it. Such a 
jar may be regarded as a plate condenser with glass as the 
dielectric. 

Let h be the height of the tinfoil, r the radius of the base, and 
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i the thickness of the glass. Then the condenser consists of two 
condensers in parallel — 

(i) the cylindrical condenser of area 2nrh, thickness 
(ii ) a parallel plate condenser of area thickness t, the dielectric 

constant of the medinm between the plates being k in each instance. 
The total capacity of the jar is therefore 

r27trli Tcr®”] I 

if end effects are neglected. 

The advantage of a Leyden jar is not that its capacity is large* 
it is not, but that it wiU withstand large potential differences with- 
out breaking down, i.e. its dielectric is not punctured easily. In 
order to render the dielectric less susceptible to the formation of 
a puncture when there is a high potential difference across it, the 
glass must be of a good quality — ^air bubbles in the glass must be 
avoided since they diminish the mean dielectric strength of the 
glass (sea later). Moreover, the outside of the jar should be coated 
with shellac varnish to reduce the leakage of electricity over the 
surface by retarding the deposition of moisture and permitting 
dust to be removed easily. Both dust and moisture increase the 
rate at which electricity leaks across a surface. 

Glass is not punctured easily by an electric spark passing through 
it when placed in a strong electric field, because it possesses great 
dielectric strength, the latter being defined as the volts per cm. 
of thickness necessary to cause a breakdown in the material by 
sparking through it, [1 volt = E.S.U. of potential difference.] 


TaUXiB! of DiELKOTBIO SmaNGOTCS 


i 

Material. | 

Dielectric strength in volts 

! 

Ebonit© . . . . . . . ’ 

600,000 

Glaes . . . ... 

300,000 

Mca .. .. 

600,000 

Paraffin oil 

80,000 

Air (S.T.P.) . . . . . . 

40,000 

1 ■ ■ 


Since the dielectric strength of a material is not a constant, but 
decreases with increasing thickness, the above table is not complete 
without the statement that the thickness of the substance when 
the above tests were made was 1 mm. 

[Strictly speaking, the above defibodtion of dielectric strength is 
not exact, since it is found that the facility with which a break- 
down occurs depends on the curvature of the terminals between 
which the electric field is produced.] 
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Erom the aboTe we see that although the capacity of a Leyden 
jar may be increased by decreasing the thickness of the glass, in 
practice, this thickness is seldom less than 2 mm. owing to the fact 
that thin layers are more readily penetrated by an electric spark, 
and, of course, a thin-walled jar is more easily broken by accidental 
mechanical shocks. 

• Other Types of Condenser. — ^For condensers of the order of 
magnitude 1 /tF, i.e. 1 microfarad, [cf. p. 772], mica is the best 
material to be used as the dielectric. It may be split into very 
thin sheets since the material has a natural cleavage plane, and 
it has good mechanical properties. The sheets are assembled with 
pieces of tinfoil interposed between adjacent mica sheets. The 
alternate sets of tinfoil are soldered to copper leads connected to 
well-insulated terminals, and the whole covered with hot melted 
paraffin wax free from moisture. As soon as possible the condenser 
is sealed in an air-tight case : otherwise the paraffin absorbs water 
and the insulation resistance of the condenser is impaired. 

The variable condensers which are employed for wireless purposes 



(a) (h) 

A Leyden Jar. A Continuously Variable Condenser 

with Vernier Adjustment. 

Fig. 36 - 12 . 

consist of two sets of brass or aluminium plates. The fixed set 
are semicircular in shape ; the moving plates are shaped like a cam 
[i.e. half a heart] and operated by the knob A. The fixed plates 
are all connected to one terminal, G, of the condenser, and the 
set of moving plates to the other terminal, D, air being the dielectric 
[see Fig. 36-12 (6)]. V is a “ vernier,” ie. a small condenser in 
parallel with the condenser and operated by turning the knob B. 

Condensers in Parallel and in Series. — To connect condensers 
[let us say Leyden jars] in parallel their outer coatings are joined 
together and also their iimer coatings. If we represent a jar in the 
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conventional way by two equal straight lines then Pig. 36-13 (a) 
shows three condensers in parallel. If Cj., Cj, and C 3 are the capacities 
of the condensers, and q^, q^, and q^ the charges on them when they 
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(a) (b) 

Fig. 36' 13. — Condensers (o) in Parallel and (6) in Series (or Cascade). 

are in parallel, while is the common potential difference between 
the coatings of each condenser, then 

___ gi ^ g.% ^ gs __ gi + ga + gs ^ 

Cj Cj ^8 Cj + Cjj + Ca 

But since + g '2 + is the total charge on the compound 
condenser it follows that the capacity of the latter is given by 
(J r=: Cj O 2 *4“ Cg. 

By referring to Fig. 36*13 ( 6 ) we see how three condensers are 
arranged when they are in series. In this instance q is the 
numerical value of the charge on each plate. Let Vi, v^, and Vj be 
the potential differences between the plates of the condensers. Then 

2 = c,Vi = CjCj = C3V, = 

r + r + F 

Cl Cg Cg 

But Vx + Va + *^3 is the total potential difference, v, between the 
extreme plates of the compound condenser. Hence 
i^c(vx + v^ + v^) 


where c is its capacity, so that i = ~ -j- i: 4 . - 1 , 

^ ^8 ^8 

Boxes of Standard Condensers.— Various devices are used in 
practice for connecting condensers, either in parallel or in cascade 
(series), when the condensers are mounted in box-form. In the 
jSrst arrangement, Fig. 36*14 (a). A, B, C, D, E, and F are brass 
bars outside the box and connected to the condensers as shown. 
X and Y are two brass bars placed at right-angles to the others. 
Plugs inserted in tapering holes a —f and — fi enable X or Y 
to be put into connexion with any of the other bars. Such an 
arrangement enables the component condensers to be connected 
in parallel or in cascade. and Tg are terminals. 

Let us suppose that plugs, represented by the black dots, have 
been inserted as shown. Then the condensers between A and B, 
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and E and E are out of action, while the condenser between B and 
C, is in parallel with a condenser consisting of the condensers between • 
C and Dj and between D and E, arranged in cascade. The combined 
condenser therefore has a capacity 

«■* + TT^-TT “ 

(o-2 '^ 0-6/ 

The key Ki enables the condensers to be charged from the 
battery, being open, and when Ki is open and Kg closed the 
condensers are discharged through the ballistic galavanometer 6, 
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Fia. 36*14.— Boxes of Standard Condensers. 


If the six plugs belonging to this box are arranged so that A is 
connected to X, B to Y, C to X, etc., they are said to be staggered 
and the combined capacity is 1*9 
Precautions should be taken never to arrange two plugs so that 
any bar, such as D for example, is connected both to X and Y at 
the same instant when Ki is closed. 

Another method of mounting condensers in box-form is indicated 
in Eig. 36*14: (6). In this method the individual condensers may 
only be arranged in parallel. The internal connexions are shown 
in the diagram. When a plug is inserted in the hole y, the con- 
denser R is short circuited since both sets of plates are connected 
to X : when plugs are placed xn the holes aj, /?, y, and bi, the 
condensers P, S, and T are in parallel, the totd capacity being 
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P + S + T = 16/^P, if the individual condensers have the capacities 
indicated. When this box is in use, all the plugs should be inserted 
in one or other of the holes so that even the condensers which are 
not in the circuit shall be definitely short circuited. This prevents 
any indefinite inductive action between the charges on the con- 
densers in use and the other condensers. Ti and Tg are the ter- 
minals, and the condenser is charged and discharged as in the 
previous arrangement. 



Earth 

Fig. 36*15. — A Guard-ring Condenser, 


A Guard-Ring Condenser .^ — K precision type of guard-ring 
condenser of the parallel plate type is shown in Fig. 36*16. AB 
is one plate of the condenser, DE the other, and this is surrounded 
by the guard-ring GG. The ring forms part of a cylindrical box 
and the plate DE is insulated from the rest of the box by the 
quartz insulators QQ. The annular space between DE and G is 
very smaU* AB is earthed, while DE, and G are connected to 
the same source of potential, the connexions to each then being 
broken. If 2r is the diameter of DE and 2ri that of the aperture 
in G^ t the distance between the plates, the capacity, C, of DE 
and the portion of the plate AB directly in front of it is given by 
the relation 

G = -^ (mean area of plate DE and the aperture in G) 

— ^ + rE) _ + T’? 

; ^:4cirtt .2 ~ ' %t 

The advantages of this t 3 rpe of guard-ring condenser are — (i) that 
the whole of the charge on DE resides on its outer face, and its 
inner face is screened from outside charges, (ii ) the portion of the 
field between DE and the other plate of the condenser is iiniform. 
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The Potential Energy of a Charged Condenser.— ^Let us 
suppose that a condenser has a charge g and that v is the potential 
difference between its plates. The potential energy of such a charged 

condenser is equal to the work 
done in bringing up the charge 
q from infinity so that the final 
potential is v. This must not be 
confused with the potential at a 
point, which is numerically equal 
to the work done in bringing up 
unit-positive charge to the point 
in question. Suppose that the 
condenser is charged by bringing 
up small charges in succession. 
Then since the potential of a 
conductor is proportional to the 
charge on it provided it is at a 
great distance from all other bodies, the co-ordinates of any point 
on the straight line OV, Eig. 36*16, represent the charge and cor- 
responding potential of this conductor at a particular instant. Let 
L be such a point. In bringing up a small charge so that the 
charge is increased from OA to OB, the work done is LA . AB 
which, when AB is small, is equal to the area of the trapezium 
LMBA. Similarly the area of the trapezium MNCB gives the 
work done in bringing up the next small charge. The total work 
done in bringing up the charge q is therefore given by the area 
of the xdOQV. Hence the potential energy, E, of the charged 
conductor is Iqv, Since q == cv, this equation may be written 

E = or E = Icv^, 


ABC Q 
Charge 

Fig. 36*16. 


Alternative Proof , — ^Let us suppose that at somemstant there is a 
charge q on the conductor and that its potential is v. If a charge 
Jq is then added, the work done is vAq, for the potential may be 
regarded as constant. Hence the total work done in bringing up the 
charge q is 

a 

v \ dq ~ 

0 

This may also be written ^qv == Jew®. 

This work measures the potential energy of the charge on the oon- 
duotor and appears as some other form of energy when the condenser 
is earthed. 



i: 
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The Loss of Energy on Connecting Two Charged Con- 
densers in Parallel.— If two condensers of capacity Cj and Ca 
respectively and having charges gj and q^ are connected in parallel 
there is no loss of charge and the potential diJfference between the 
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plates of each, condenser has the same final value. The following 
analysis shows, however, that there is a loss of potential energy. 
This appears as the energy of the spark in the form of light and 
sound energy, which is finally converted into heat energy. Before 
connecting the condensers in parallel the total energy is * 

(q j- Q 

After connecting them it is • Hence the loss in energy is 

1 r , ga" (gi + g2)n ^ Mcz - 

L Ca < 3 i + <^2 J ^1^2(^14-02) 

There will therefore be no loss in potential energy if q jC^ — = 0 

or ~ i.e. if the two condensers are at the same potential 

before they are connected in parallel. 

Example * — -A Leyden jar has a diameter 10*4 cm., while the glass 
is 0'25 cm. thick. JI the height of the cylindrical coating is 20*5 cm. 
and the dielectric constant of glass is 6 calculate its capacity. 

This jar may be regarded as a plate condenser the area A of which 
is equal to the sum of the areas of the base and sides. Hence 

A == [iTE X (5*2)*] + [2 X TT X 5*2 X 20*5] cm.* = x 240*2 cm.*. 
Hence 

tcA 6 X 240'2 

® ijrF ~ 4~ Q 25 “ I1.S.XJ. = 1-6 X 10-* microfarad [of . p. 772] 

Example*— Two condensers of capacity 30 and 23 E.S.XJ. respec- 
tively have charges +8 and —6 E.S.XJ. Determine jbhe loss in 
potential energy when they are connected in parallel. 


Total energy before connecting 


i * tI — 1*85 ergs. After 


connecting the total charge is 4* 2, while the total capacity is 53 cm. 
The energy is then | = 0*04 erg. The loss in potential energy 
is therefore 1*81 ergs. 

The Seat of Electrical Energy.— E baijtkxin discovered by 
means of the following experiment that when, for example, a 




Outer Glass Inner 

Coating (dieJectnc) Co3.t/ng 
Fig. 36*17. — ^Leyden Jar with Detachable Coatings. 

Leyden jar is charged the electrical ener^ is stored in the glass. 
The type of jar he used had detachable coatings as illustrated in 
Fig. 36*17. The jar is assembled and then charged. If the inner 
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coating is removed witli the aid of insulated Jsoiigs and the glass 
carefully lifted out no charge will be found on either of the coatings. 
Yet when the parts are reassembled a vigorous spark is obtained 
when the inner and outer coatings are joined together. This indi- 
cates that the energy is stored in the dielectric [glass] between the 
metal coatings. The glass is said to be strained (electrically). If 
the glass wall of a Leyden jar is thin and the charge high the strain 
in the glass may become so great that the glass fractures. 

The following experiment shows that the electricity does not 
reside on the surface of the glass : while the jar is dismantled 
X-rays are allowed to fall on the glass— X-rays are able to remove 
surface charges. Yet when the jar is re-assembled a spark is 
obtained when the inner and outer coatings are joined together. 

The Residual Charge, — The fact that the dielectric of a con- 
denser is strained accounts for the following phenomenon. If a 
Leyden jar is allowed to rest after being discharged and its coatings 
then brought into conducting communication by means of dis- 
charging tongs, a spark will often pass. This is because the glass 
does not recover itself at once after being strained. 

EXAMPLES XXXVI 

1. — ^A spherical conductor has a charge of 843 E.S.tT. when its 
potential is 250. What is the radius of the sphere ? Assuming the 
charge to be distributed uniformly over the surface, calculate the 
charge per unit area. 

2. — ^Two spheres of radii 3 and 6 cm. respectively are each given a 
charge of 30 positive units. If the spheres are then connected by a 
wire, calculate their common potential in E.S.XJ. and in volts. 

3. — A condenser of capacity 84 units has a potential of 2000 E.S.U. 
When its charge is shared with a spherical conductor the potential is 
1500 E.S.U. What is the radius of the sphere 1 

4. — ^A soap bubble has a charge of 64 E.S.U., its radius being 8*6 cm. 
What is the change in potential when the radius is increased by 1 cm. ? 

6. — ^Define electric potmtial and explain how it is measured. How 
would you show experimentally that it is possible for parts of the same 
conductor to be oppositely electrified and yet at the same potential ? 

6. — What is implied by the statement ** the dielectric constant 
(specific inductive capacity) of glass is 6 and that of ebonite is 2 ” ? 
Describe how you would compare the dielectric constants of glass and 
ebonite if these substances were available in the form of sheets each 
2 cm. thick. 

7. — Explain why a “ Leyden jar ” is described as a condenser. Two 
insulated metal plates 20 cm. in diameter, having opposite charges of 
6 electrostatic units each, face each other across a layer of air 2 rom. 
thick. Calculate the potential difrerence between them and the 
electrical energy of the system. 

8. — ^Describe how you would investigate whether the electrical 
capacity of an insulated conductor depends upon other bodies in its 
neighbourhood. 
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9. — Calculate the capacity of a parallel plate condenser* the medium 
between the plates being uniform and having a dielectric constant #c. 
If such a condenser has a charge 50 E.S.U. calculate the energy dis- 
sipated when its plates are connected together* if each plate has an 
area 20 cm.* and that the interval between them is 1 mm. Assume 
#c to be 2*6. 

10. — ^What is meant by electrostatic potential ? Define the unit in 
which it is measured. Show that the capacity of a parallel plate con- 

kA 

denser is given approximately by the expression where A is 

the area of each plate, d their distance apart* and /c the specific inductive 
capacity of the medium between the plates. Why is the expression 
approximate only ? 

IL— Define the electrostatic units of quantity, potential difierence, 
and capacity. Obtain expressions for the capacity of (a) an isolated 
sphere, (b) a parallel plate condenser. 

12. — -An insulated metal sphere is placed between, and near to, two 
similar spheres, one of which is positively charged and the other earthed. 
Draw a diagram illustrating the distribution of the lines of force, and 
discuss the potential of the difierent parts of the system. 

13. — ^Define electric potential and explain what is meant by an equi- 
potential surface, A charged sphere is placed near to an insulated 
uncharged sphere of the same size. Draw a diagram illustrating the 
positions of equipotential surfaces. 

14. — What is meant by the electrical capacity of a system ? How 
would you investigate the eflcect on the capacity of a parallel plate air 
condenser of {a) increasing the distance apart of the plates, (6) filling 
the space between the plates with paraffin wax instead of air ? What 
results would you expect to obtain ? 

15. — ^Describe a Leyden jar and derive an approximate expression 
for its capacity- If you were provided with two such jars, a source 
of constant potential, and a gold leaf electroscope, how would you 
determine which jar had the greater capacity? 

16. — A condenser of capacity 10 microfarads is charged so that the 
potential difference between its terminals is 50 volts. The terminals 
of an uncharged condenser of capacity 2-5 microfarads are then con- 
nected to those of the charged condenser. Calculate : (a) the energy 
in the larger condenser before it is connected to the smaller ; (6) the 
potential difference between the terminals of the combination ; (c) the 
sum of the energies in the two condensers after they are connected to 
one another. (N.H.S.C. 29.) 

17. — ^Find expressions for the electrical capacity of a sphere of radius 
r, and of a condenser the plates of which are concentric spheres of radii 
r and (r — t). Hence find the capacity per unit area of a plate conden- 
ser of thickness the dielectric being air in each case. (L. *24.) 

18. — A spherical air condenser consists of an insulated metal sphere 
of radius 3 cm., surrounded by a concentric hollow metal sphere of 
internal radius 4 cm. and external radius 5 cm. If a charge of 100 
E.S.U. is given to the inner sphere calculate the potentials of each 
sphere when th© outer one is (a) insulated, (6) connected to earth. 

{L,"m) 





CHAPTER XXXVn 

THE THEORY OF ISOTROPIC DIELECTRICS 

The Experimental Basis for the Theory .—Let us suppose that 
we have two condensers geometrically alike, but that one is filled with 
an insulating material such as sulphur. If both are charged by being 
connected to the same high potential battery, as suggested in Eig. STd, 

and then discharged in turn 
If through a ballistic galvanometer, 

the throws of the galvanometer 
are not equal, but their ratio is 
constant however the potential 
difference common to each con- 
denser is varied. The ratio of 
these throws is numerically equal 
to the dielectric constant or 
dielectric coefficient or permiu 
tivity of the insulator. It is also 
equal to the ratio of the capacity 
of the condenser with the dielec- 
tric to that of the condenser with 
air (strictly a vacuum). [We 
assume that the condensers are 
long and narrow in order to 
render the end effects negligible.] 


Ain 


i|-° 'KIH'- 

I 

Die/ectnc 

Fio. 37-1. — Geometrically Identical 
Condensers with and without a 
Bieleotrio. 


If d is the distance apart of the plates in each instance, Vj and V| 
the potentials of the plates of the condensers, then 


is the same for each. For the air condenser this expression measures 
the electric intensity in the electric field 
between the plates. What does it measure 
when the space between the plates is filled 
with an insulator ? Before this can be 
answered the following digression is 
necessary. 

Electric Doublets or Electric Di- 
poles.— If two electric charges, equal in 
magnitude but opposite in sign, coincide 
at any point, the electric intensity due to 
these charges in the ^ace round them 
must vanish, if, however, the charges 
suffer a small relative displacement any 
other charge introduced in the region round 
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Fio. 37*2. — ^Potential at a 
Point in Air due to an 
Electric Dipole. 
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them experiences a mechanical force, i.e. there is an electric field of 
sensible magnitude in the neighbourhood of the two charges. Such a 
combination of electric charges is termed an electric doublet or dipole. 
We shall see later that the molecules of substances such as ammonia, 
NH 3 , water, HgO, and chloroform, CHClj, are permanent dipoles; 
other molecules such as those of methane, CH 4 , argon, A, oxygen, 0^, 
etc. are not permanent dipoles : they are said to be non-polar. 

The Electric Field in Free Space due to a Dipole.— Let OQ, 
Pig. 37*2, be an electric doublet. Let OQ — 2L Consider the poten- 
tial, Vp, at a point P in free space distance from Q and from O. 
Then, 

e e r 1 1 1 

Yp e| ^ I pf QQ ig small.] 

^ Ti Lr — Z cos $ r + l oos dJ* ^ 

6,21 cos 6 e,OQ cos $ 

— — _ — . pf I Iq small compared with r.] 

p cos 0 

, r* ■■ ■ 

if p = e.OQ, the so-called electric moment of the doublet. 

The electric intensity in the direction of r increasing is 
dVp ^ 2jE4Cos0 

dr ^ r* 

The field at right angles to this and in the direction of 6 increasing is 

1 dVp ^ sin d 
T dO r* * 

Electric Polarization. — ^According to modem electrical theory an 
atom in its normal state is a configuration of electrons (negative charges) 



Fig. 37*3. — Electric Moments of Atoms. 


siuTounding a relatively massive nucleus carrying a positive charge 
numerically equal to the total charge of the electrons. Hence, as a 
whole, the atom is uncharged. For the present we shall adopt the 
“static” atom, i.e. we shall consider the electrons to be stationary 
relative to the nucleus. Since the total charge of a normal atom is 
zero, we may pair off each electron with an equal positive charge on 
the nucleus and regard each normal atom as an assemblage of electric 
doublets. On the whole the total electric moment is zero. It is known 
that a carbon atom has six extra-nuclear electrons and a corresponding 
positive charge on the nucleus. If we imagine the electrons to be 
coplanar, then the electric doublets formed in the maimer described 
above are as indicated in Pig. 37*3 (a). When the above configuration 
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of charges is subjected to an electric field, the negative charges are 
displaced, relative to the nucleus, as in Fig. 37 -3 (6). Now an electric 
moment is a vector represented by the straight line joining the charges. 
Hence, like any other vector quantity, it may be resolved into com- 
ponents. The resolved components in the present instance in the 
direction of the field and perpendicular to it are indicated by the 
dotted lines. These show that as a whole the atom has acquired an 
electric moment in the direction of the field. When the above occurs 
with each of the constituent atoms of a dielectric, the medium of the 
dielectric is said to he polarized. 

If we take a microscopic view of a dielectric and imagine a being 
sufficiently small to wander in and out among the atoms and to be 
provided with suitable measuring instruments, then such a being would 
be able to detect variations in the electric field in the space between 
the diffierent electric charges. Actual instruments are only able to 
detect the combined effect of an exceedingly large number of atoms 
and their charges, and cannot reveal the changes which do occur 
locally in the medium. Such instruments only indicate mean values. 
In an unpolarized medium, if we assume a chaotic arrangement of 
atoms, the resultant electric moment per unit volume must be zero. 
When a dielectric is subjected to an electric field there is a tendency for 
each atom to acquire a resultant electric moment in the direction of the 
field, i.e. there will be a finite electric moment per imit volume. This is 
termed the polarization of the meditim and is denoted by the letter P. 

So far, reference has offiy been made to atoms or molecules which 
become polarized when acted upon by an external electric field. There 
are substances, however, whose molecules are permanently polarized 
— the case is analogous to that of paramagnetism — and the effect of 
an electric field is to cause the molecules of such substances to align 
themselves with their axes parallel to the direction of the field, in 
addition to a change in the electric moment of each atom due to the 
displacement of its electrons relative to its 
nucleus. Later on, we shall see how ex- 
periment is able to discover the type of 
molecule present. 

Now let us consider a small element of 
a polarized medium ; let be the length 
and As the cross-sectional area of this 
Picj, 37.4.^El©ctrio element, see Fig. 37*4. Although this 
Polarization. element is small it must still be sufficiently 

large to contain a large number of atoms 
so that the resultant electric moment of all the atoms in this element 
is parallel to the length of the element which is supposed to be in 
the direction of the applied electric field. The electric moment of 
this element is by definition 2.A8.AL Now this moment may be con- 
sidered to arise from charges numerically equal to Aq on the ends of 
the element. Its moment is then Aq.Al. Equating these two ex- 
pressions for the electric moment of the element, we have 



F.As = Aq 
Aq dq 


■ lim 


As ds 


Hence P, the polarization of the medium, is equal to the surface 
density of the electrification arising on the ends of an element 
such as that we have considered. 
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Electric Displacement or Electric Induction. — ^Let us consider 
unit cross-sectional area of a parallel plate condenser, (i) when the 
medium is air, (ii) when the medium has a dielectiic constant k. If 
V is the difference in potential between the plates, and the surface 
density of the electrification, then 

4i7t<Xi — E =V/d . . . . (1) 

in the first case. 

Now insert the medium of dielectric constant k between the con- 
denser plates, the P.D. across the condenser being maintained equal 
to V. Then in theory and in practice (even with gases) an extremely 
narrow gap is left between the surface of the plates of the condenser 
and the boundaries of the medium. Owing to the polarization of the 
medium we get enlarges of surface density ± P at its boundaries, the 
charge due to polarization at the boundary near the positive plate 
of the condenser being negative, and vice versa (Fig. 37*5). The charge 
— P induces an opposite charge 4- P on the positive plate of the 



condeaaser, so that the surface density of the electricity on the positive 
plate is now given by 

0*2 Cfl -f* P 

But experimentally =» iccTj. Hence 

KCi = <Tj + P . . . . (ii) 

From (i) we have 

V , V ■ 


or 


/C — 1 4” 


^ r Polarization "] 
^ ^”LApplied field J 



= 14- • . . • * . (iii) 


where 5HI — P/E, the electric susceptibility of the medium. 

We also have, by multiplying (iii) throughout by E, 

, , , ; ■ #cE w E 4“ 4:?rP. 

The quantity E + 4 kP is termed dielectric displacement or electric 
ifwfuc^ion in the medium, and is denoted by D. Hence 

D ** E 4- 4:«P . . . . » (iv) 
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To see how D may be measured numerically, consider a needle-shaped 
cavity AB, Fig. 37*6 (a), in an insulator, the axis being drawn in the 
direction of the applied field. We assume the medium to be uniformly 
polarized, i.e. P is constant. If a is the cross-sectional area of this 
cavity, the charges developed at its ends are numerically equal to 
Pa. The electric intensity at O, a point near the ceUtre of this cavity 
is due to the applied field of intensity E and the field due to the charges 
on the ends of the cavity. Since, numerically, a is small compared 
with the length of the cavity, the contribution to the electric intensity 
at O arising from the charges at the ends of the cavity must be zero. 
Hence the resultant electric intensity in such a cavity is E, the same as 

-^7 ’y 

it would be if the insulator were replaced by a vacuum^ i.e. E = — — K 

When a cavity having the shape of a pill box is considered — see 
Fig. 37’6 (5)— -the contribution to the electric intensity at a point 

near the centre of the cavity due 
to the charges on the ends of the 
cavity is no longer negligible. 
The point O may be regarded as 
one inside a parallel plate con- 
denser the surface density of the 
electrification on the plates being 
numerically equal to P. The 
electric intensity due to such a 
distribution is 4:7rP, so that the 
total electric intensity at O is 
E + 4;rP = D. Hence D is 
numericaHy equal to the electric 
intensity in a cavity of the special 
type as defined above. 

The Law of Force for Di- 
electrics. — ^It has been shown 
that for condensers having the 
same size, but the space between 
the plates of one being fiOiled with 
an insulator, the electric intensity 
is the same in each instance if 
the potential difference across the 
plates of each condenser is the 
same. But the charges on the plates of the condenser with a dielectric 
are #c times those on the corresponding plates of the other condenser. 
It therefore follows that the electric intensity in a dielectric would 
be 1 /K-th that in a vacuum for equal charges. Hence, in general, 

2 



Fig. 


37*6. — Electric Intensity and 
Electric Displacement. 


E,=- 


icr® 


where g is a point charge in a medium whose dielectric coefficient is 
#c. The law of force between two point charges at distance r apart 
in a medium whose dielectric constant is k is therefore 




icr*® 


Dielectric Constants of Gases ; Variation with Temperature. — 
Let us suppose that each molecule of a gaseous dielectric has, on the 
average, an electric moment m, and that 

m aa 'fleE,''' , 
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where E is the applied field and a a quantity whose nature is to be 
discovered. If there are n molecules per unit volume, then 
nm = P = nocE. 

But D = E -f 

B P 

/c = g = 1 4- 4::;rg“=: 1 +Ajinx, 

Hence, when k is known, a may be determined. Quite naturally, 
therefore, we ask ourselves what does this quantity represent ? Fara- 
day imagined that a was a measure of the electric response of a molecule 
to an electric fields — he imagined that the field caused a displacement 
of the two differently charged portions of a molecule so that a dipole 
was formed. The dipole ceased to exist when the field was removed. 

Debye (1927) conceived the idea that a molecule may possess a 
definite electric moment even before the electric field is applied, i.e. 
the distribution of charge in the molecule is asymmetrical. Such are 
termed polar molecules, and the action of an electric field on them is 
twofold : 

(i) it tends to align the molecules so that their electric, axes are in 
the direction of the field. 

(ii ) it will cause a displacement of the electrons in each atom relative 
to the nucleus in that atom. 

Debye therefore wrote 

a = aj + ag 

where ct f is the contribution caused by the application of an external 
field, and a 2 is the contribution due to the permanent electric moments 



Fig. 37*7. 

(a) Dielectric Constants of Gases and their Variation with Temperature. 
(6) An NHgMolecule (polar). 

of the molecules when a random orientation of their axes no longer 
exists. He argued that oca will depend on the temperature of the 
dielectric ; as the temperature rises the molecules will be less liable 
to become orientated with their axes along the field. He showed that 
the dielectric constant of a gas whose molecules are permanent dipoles 
should be inversely proportional to the absolute temperature T, i.e. 



where a and h are constants. For non-polar compounds k is constant. 
If therefore k is plotted against 1/T, a strsdght line having a definite 
slope is obtained for gases whose molecules have a permanent electric 
moment ; for non-polar compoimds the straight line is parallel to the 
1/T axis — ^see Fig, 37*7 (a). 
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Ammonia, NHg, and methane, CH4, are examples of polar and non- 
polar molecules respectively. In the case of ammonia Debye has 
shown that the hydrogen atoms (really ions) are arranged at the base 
of a regular tetrahedron, the nitrogen ion occupying the apex-nsee 
Fig. 37*7 (6). The angle HNH is 110®. 

It has just been shown that the electric intensity due to a point 
charge q at a point in a medium of dielectric constant k and at distance 
r firom the charge is given' by 



The electric induction or electric displacement at the same point is 
K& or q/rK 

Gauss’s Theorem. — ^Let us imagine that a closed surface is drawn 
in an electrostatic field. At each point on this surface the electric 
displacement has a value appropriate to that position. Since B is a 
vector it may be resolved into components along given directions. 
Let Dft denote the component of the displacement along the outward 
drawn normal at any point on the surface. Suppose that As is a small 



area across which the component of the electric displacement may 
be considered constant. Then Dn^As is called the flux of electric 
duction or the normal induction cross the element As, 

Gauss’s theorem for electrostatics states that the total flux of electric 
induction across any closed surface is 471 times the sum of the charges 
enclosed in that surface. Thus 

= 4:7tq^ 

where q is the charge eriplosed. 

Peooi^.-— L et ^ be the point charge at A inside a closed surface# 
Consider the fiux of electric induction across a small element BO of 
the closed surface— see Fig. 37*8 (a). It is equal to Let oc 
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bib the angle between the vector D and the outward drawn normal, 
and is the area of the element. Then 


Bft.zla =s D.id5 cos a 


j (area BM), 


where MB is a section through B of the slender cone formed by joining 
all points on the periphery of /Is to g, the section being at right angles 
to the axis of the cone — see Fig. 37*8 (6). But the area BM/r* is the 
measure of the solid angle at A — call it /jco. Then the dux of induction 
across BC is g , do. Hence the flux of electric induction across the 
closed surface is 


J g . do ^ J 


do 4nq, 


When the point charge lies outside the .closed surface, every slender 
cone cutting the surface must do so at two places — ^see Fig. 424(c). 
Let and As^ be the areas of the closed surface intercepted by this 
elementary cone. Then the contribution from these two areas to the 
flux of electric induction is 


Dn, . As^ + Dni . Asi == ^ cos ~ cos a, . da, 

fj 


q 

q . do — jyjcos(?* — 


* q . do — q . do 

* O 


If the closed surface has -a shape similar to that in Fig, 37*8 (d) 
and the point charge is within this surface, then a slender cone having 
its apex at the charge must intersect the surface an odd number of 
times. Let us assume that this number is three. Then the contribu- 
tion to the flux of electric induction from the three elements of surface is 


. (xAsi + Dn, . da, 4“ . da, 

q A ^ Q 

— — cos aj . As I 4- cos a, . da, 4* —i cos a, . As* 
r,* r," “ ' r,* ■ 

*= g . do — g , do 4 - 3 . do 
~ g . do. 

Hence for the whole surface, the normal induction is given by 

• I* 

i g , do = 4:7tq, 


Although the theorem has been established for a point charge, it 
applies to any distribution of charge, for this may be considered as 
a munber of point charges. Hence if Q is the total charge enclosed 
in a surface Gauss’s theorem states that 


D„d« « 4:n^. 


Lines and Tubes of Electric Force and of Electric Induction.— 
We have seen that it is possible to draw continuous lines in an electric 
field in free space such that the tangent at any point to one of them 
indicates the direction of the electric intensity at that point. It 
is also possible to draw lines of force, for such is the name given to the 
above fines, in a dielectric placed in an electrostatic field. The tangent 
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to such a line in a dielectric then indicates the direction of the electric 
intensity in a small needle-shaped cavity having its centre at the point 
in question. It is also possible to draw other continuous curves in a 
dielectric — if these are such that the tangent at any point indicates 
the direction of the electric induction at that point, i.e. the force per 
xinit charge on a small positive charge placed in a cavity having the 
shape of a pill box. Such lines are termed tines of induction. 

If any area is considered in an electric field and lines of force or 
lines of induction are drawn through every point on the contouir of 
the above area, a tube of force or a tube of induction is obtained. 
Jji our study of dielectrics we shall find tubes of induction very helpful. 
Tubes of Induction. — ^Let A, Fig. 37*9, be a point in an electric 

field, the electric induc- 
tion or electric displace- 
ment at A, being Dj. 
Consider a small area 
As^ drawn round A so 
that it is normal to the 



Fia. 37*9. — A Tube of Electric Induction. 


struct the tube of in- 
duction having a cross- 
section A$i at A. Let 
As 2 be the cross-section 
of the above tube at 
B, a point in the field where the electric displacement is Dg* Let 
us apply Gauss’s theorem to this portion of the tube. The contribution 
to the flux of induction by the ends of the tubes is Dg . As^ — Df . Asi, 
since Dj and Dg are normal to the areas As^ and respectively. 
The contribution from the curved sides of the tube is zero, since the 
norn^al component of the displacement is zero at aU points on the 
curved portions of the tube. If there is no charge enclosed in the 
portion of the tube considered, then 

Dj . zfag •“ Bi . idisj “ 0. 

Thus the electric displacement at any point is inversely proportional 
to the area of cross-section of the tube at that point. 

Coulomb’s Theorem. — Let AB, Fig. 37*10 (a), be a small element 
of the surface of a charged conductor. Let a be the density of the 
electricity on this area. 


Since the surface of a 
conductor is an equi- 
potential surface, the 
electric induction must 
be at right angles to 
the surface. Consider 
the tube of induction 
whose cross-section at 
the surface is the ele- 



\A Jf 


L.-— . 


JD^fv 




(a) (6) 

ment AB. Let MN be Fio. 37-10.-— Coulomb’s Theorem in Electrostatics, 
the cross-section of the 

tube a short distance away from the surface. Imagine that the tube is 
produced backwards and truncated by a plane PQ parallel to MN 
[PQ must lie inside the material of the conductor.] A section parallel 
to the axis of this cylinder is shown in Fig. 37*10 (6). The total normal 
induction over the surface of the cylinder thus obtained is due solely 


THEORY OF ISOTEOPIC DIELECTEIOS 629 

to the contribution from the end MN, since inside the conductor the 
electric intensity and therefore the electyic induction is zero, and the 
normal component of the induction over the curved portions of the 
cylinder in the dielectric is zero at all points. The charge inside the 
cylind^ is cr . Ae. If D is the displacement at any point on MN, it is 
also the displacement at any point on AB when MN is sufficiently close 
to AB. The area of MN is then also As, Hence by Gauss’s theorem 

I) . Zl5 = 43T . (tAs 

or D = 4na 

The electric intensity near to the surface of a charged conductor is 
therefore given by 

^ B 4:7ta 

K K * 

Electric Intensity and Electric Displacement due to a Uniformly 
Charged Sphere. 

(i) At points outside the sphere. 

Let A, Fig. 37*11, be a point 
situated outside a sphere of radius 
a and carrying a charge q. Since 
the charge on the sphere is uni- 
formly distributed, the electric dis- 
placement will be radial and equal 
at all points equidistant from O 
the centre of the sphere. Through 
A draw a sphere of radius OA, 
the centre being O. The electric 
displacement at all points on this 
sphere is D and is everywhere 
normal to the surface at the point 

considered. Hence the dux of induction across the sphere is 

D X (area of sui'face of sphere of radius r), 

= . D. 

But by Gauss’s theorem this is inq. Hence 



q 

The electric intensity is therefore At points outside the sphere 

the electric displacement and intensity are respectively the same as 
if the charge were concentrated at the centre of the sphere. 

(ii) At points inside the sphere. If B is such a point and a sphere, 
with centre O and radius OB, is constructed, the electric displacement 
must again be radial at all points on the sphere. The flux of induction 
across this sphere is zero, for by Gauss’s theorem it is 4c7t times the 
charge inside the sphere, and the charge inside the sphere is zero. 
Hence, inside the sphere, D, and therefore E, are zero. 

Uniformly Electrified Infinite Flat Plate. — ^Let o be the density 
of the electricity on each side of the plate. By symmet^, the electric 
displacement must everywhere be normal to the plate and have a 
constant value at all points in a plane parallel to it. Under these 
conditions the area of cross-section of any tube of induction remains 
constant. Consider the portion of such a tube shown in Fig. 37 *12. 
Let Bi and Dg be the values of the electric displacement at the lower 





Fig. 37« 11. —Electric Induction due 
to a Charged Sphere. 
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and upper ends of this cylinder. Let the areas of these ends be a. 
It is not necessary for these areas to be small since, by symmetry, 
Dj and Dg are constant at all points in the respective planes parallel 
to the given plate. The flux of induction across the surface of this 
cylinder is ^ 

1)^8 ~ I>jS 

the contribution from the curved surfaces being zero. The above is 
zero, by Gauss’s theorem. Hence 

or the electric displacement is constant. 

To determine the value of the displacement consider the portion of 
a tube of induction indicated on the right of the diagram. This tube 

originates on a charge as. Let the 
A above cylinder be produced back- 

wards so that it may be truncated 
I . JD inside the conductor. There can be 

1 A no tubes of induction inside the 

j)^ L charged plate, but that does not pre- 

vent \is from drawing a portion of a 
closed surface inside the conductor. 

The only contribution to the flux of 

^ — induction arises from the end of the 

dielectric, and amounts to 
Fio,37*12. — ^Eleotriolnduction due D . a. By Gauss’s theorem this is 
^ to a Charged Infinite Hate. 47ro'a, so that D = 4:na, In using this 

formula it must be remembered that 
a is the surface density of the electricity on one side of the plane only. 

Uniformly Electrified Infinite Cylinder. — Let P, Fig. 37d3, be 
a point at a distance r from the axis of an infinite cylinder, the charge 
of electricity per unit length being A. By symmetry B will be radial 
and have the same value at all points equidistant from the axis of the 
cylinder. Through 

P describe a cylinder kJ) 

coaxial with the Pi 

charged one, and \/ A 

construct two planes 

at distance I apart / A 

and normal to the \,\ ' ^ - ~t\ 

axis of the cylinder | / j . „ [ ^ 

to form a closed ^ — — - j — — 

surface. The charge j j 

enclosed by this sur- \ V / 

face is The plane V \ / 

ends contribute 

nothing to the flux Fig. 37*13. — Electric Intensity due to an Electrified 
of induction across Infinite Cylhxder, 

the closed surface 

considered. The flux across the curved surface of the cylinder is 
D ,2^rL By Gauss’s theorem this is Hence 


to a Charged Infinite Plate. 


E 
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where k is the dielectric coefS.cient for the medium surrounding the 
charged cylinder. 

Inside the cylinder the electric displacement is zero. 

The Mechanical Stress at the Surface of a Charged Conductor, 
^Let A and B, Fig. 37*14, be two points close to the surface of a charged 
conductor, one outside and the other inside. 

Let K be the specific inductive capacity of 

the medium. The problem before us is to 

investigate the mechanical force on the charge 

residing on \anit area of the surface of the \ 

conductor. This is determined by E, the y I 

electric intensity at A, which may be re- / bJ 

garded as the resultant intensity due to the / 

electricity on the surface of the conductor in I 

its immediate neighbourhood and to the rest 

of the distribution. Let these contributions 

be ft and respectively. Then ' I 

E 4-/*. 37*14. — ^Mechanical 

^ 1 / . . j ... Stress at the surface of 

At B the electric intensity is zero. The a Charged Conductor, 
contribution to this is — ft from the electricity 

on the surface, and /a from the remainder of the distribution. Hence, 
-/i +/« = o. or /i =/« = F/2. 

Consider a small area As of the surface of the conductor. Then the 
charge on it is cr . As, Now the mechanioal force acting on the charge 
<y . zl5 is caused by the electric intensity at the point considered due to 
the rest of the electricity on the conductor, i.e. the mechanical force 
is cr . ./a . == Jo* . . E. 

The mechanical force per miit area is therefore JcrE. But D = 4jror, 
so that the expr^sion for the above force becomes 

DE /cE* 27t<x*. 

Su ^ Sth K 

The sign of this force is independent of that of the charge and it 
is always directed outwards. 

Experiment, — The existence of the above force may be shown by 
producing a soap bubble at the end of an insulated metal tube. When 
the tube and therefore the soap bubble is connected to a source of 
high potential the bubble expands until the reduction in pressure 
inside the bubble compensates for the mechanical forces arising from 
the charge on the bubble. 

Energy in an Electrostatic Field. — Consider an element As of 

the surface of a conductor — ^Fig. 37*15, 
Let a be the surface density of the 
ASTT electrification. Then the mechanical force 

acting on the portion of the surface con- 
DE 

sidered is . As, Suppose that the 

! * Surface is moved backwards a distance 

i 1 Ax, Then the work done by the external 

Fia. 37*16. — ^Energy in an agency causing the motion is . Ax,As, 

Electrostatic Field. ^ 

But the field has beenmcreased m volume 
by an amount Ax , As, The work done in creating a field is stored 
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as energy in the medixnn. The energy associated with rniit volume 
of the field is therefore j);gt 

Stresses in an Electrostatic Field. — ^The mechanical force acting 

DE . 

on iinit area of an electrified conductor is -r— or . This stress 

o7t K 

may be regarded as the effect of a tension along the tubes of induction 



Fio. 37*16. — Stresses in an Electrostatic Field. 


in the field. We assume that the tension per unit cross-sectional area 
of a tube at any point in the field is given by the above esp>ression, 
subject to the condition that D and B are the values appropriate to 
that point. Let us see whether or not it is possible for a tube of 
induction to be in equilibrium under the action of these forces alone. 

As a special case consider a tube of induction in the region between 
two concentric spheres — ^Fig. 37*16 (a). Suppose that the cross-section 
of the tube at right angles to its axis at any point is a square, and 
that opposite sides of the tube are inclined to each other at an angle AS, 
Let g be the charge on the inner sphere. Consider that portion of 
the above tube bounded by the surfaces of spheres of radii r and 
(r 4- Ar). This element of the tube is shown enlarged in Fig. 17*16 (6). 
istfi and fz be the forces acting on the opposite curved ends of this 
element due to the tension along the tube. The tension across the 


DE 


face of radius r is -r — per unit area. Hence 

o7t 


iil 


K 

Bn\Kr 


rV. Ae^ 


Stikt* 


since D = kE q/r^ 


Similarly 
ft = 




8jtK(r 4 ” Ar)* 
ri _ 
Lr* 


SnK 


1 ^ 
(r + Ar) 



qMO* 2,Ar 




, [neglecting Ar *}. 


Hence 
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Thus there is a resultant force directed inwards and the tube cannot 
therefore be in equilibrium imder the action of the above tensions. 
Suppose, however, that P is a pressure (i.e. a force per unit area) 
acting on each of the four flat sides of the element. Then the force 
on each side is . dr. The component of this force along the 


axis of the tube is FrAO . Ar , 


The resultant force arising from 


fche pressure acting on the fiat sides of the element is therefore 
TrAS^.Ar 

4. — — « 2Prdr.dg^ 

along the axis of the tube and away from the centre of the spheres. 
For equilibrium this must equal — /g, i.e. 

p _ g* _ 1 g • g 

SjE/cr* Sjc * r* * /cr* Sn 


: — i 

Sjc * r* ' 

DE 

Stk 

Hence for a tube of induction to be in equilibrium there must be 

DE DE 

a tensile stress along the tube and a lateral pressure 

The existence of this pressure is shown by the following experiment 
due to Quincke : — ^Two large 
metal plates are insulated from 
each other by pieces of glass and 
fche whole immersed in paraffin 
oil— Fig. 37*17. By blowing 
through a tube containing cal- 
cium chloride a bubble is pro- 
duced at B. One of the plates 
is connected to a Wimshurst 
machine [cf. p. 649] and 
charged. To determine the 
lateral pressure between the 
tubes of induction in the liquid 
and in the air bubble let us 
consider the condensers formed 
by unit areas of the metal plates 

and the intervening dielectric, {a) m the bubble and (b) in the liquid. 
If d is the distance apart of the plates, the capacities of the two unit 
1 ' #c 

condensers are and respectively. If V is the difference in 

potential between the plates, the charges on the plates of the xuiit 
V* icY 

condensers are and which are denoted by Oa aiici respectively. 
Hence, in the liquid the lateral pressure is 

DE /cV® V 

D = kB and E = 

In the bubble itself the lateral pressure between adjacent tubes of 

induction is The repulsion of the tubes of induction is, therefore, 

greater in the oil than in air so that the bubble contracts and the gauge 
C indicates an increase in pressure. 
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The Capacity of a Concentric Spherical Condenser — Let 0 
—-Fig. 37*18 (o) — ^b© the centre of two concentric spheres ofradiiaand h 
respectively. Let q be the charge on the inner sphere ; then — g is 
the induced charge on the outer sphere when this is earthed. Let 
be the dielectric coefficient of the medium between the spheres. Let 
E be the electric intensity at a point in the dielectric at distance 
r from O. Then 

E = -2^ 

Let Va and be the potentials of the spheres. Then 
V& — Va =* work done against the field per unit positive charge in 
bringing a small positive charge from the inner sphere to the outer 

the negative sign occurring since when r increases, 


■i: 


sphere 

i e dr is positive, the work is done by the charge. 

^ / 1/ 1 1 \ 

The capacity is therefore - "jj =5 _ 

An interesting problem is presented when the inner sphere is earthed 
and the outer one insulated—see Fig. 37*18 (6). Let c be the radius 
of the outer surface of the spherical shell. Then the actual capacity 
of the condenser formed by the inner surface of the shell and the 
sphere is unaltered. If g is the charge on the inner surface of the 
shell, — S is the induced charge on the sphere when this is earthed. 
The electric intensity in the dielectric is due solely to the charge on 
the sphere, and, proceeding as above, the capacity of the condenser 
formed by these two surfaces is found to b© the same as before. 
The pbtential V of the shell is constant throxighout and therefor© 

q(b - a) 

the same as that of its inner surface, viz. — . Now the outside 

surface, of radius 0 , has a capacity c, if it is far removed from all other 
conducting bodies not earthed. Its charge Q is therefor© given by 

qc(b — g) 


Q - 


Kab 


The total charge on the shell is therefore Q -f q, so that the capacity 
of the given condenser, being equal numerically to the charge divided 
by the potential, is 




c(6 — a) , 

^ Kab ^ 


.D 


c(b — a) 
Kab 


+ 1 


- a) 


: <3 -j- 


KOh 
5 — ct 


This result could have been written down at once if we regard the 
condenser consisting as of two parts of capacities — and c arranged 
in parallel. ■ 

Alternative Method,— When air is the dielectric let the charges on 
the^surfaces foe f* and f i respeotively. Then, remembering that the 
potential inside a conductor due to its own charge is the same as that 
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of the conductor itself, we have, as the potential of the inner sphere 

o, . . . . (i) 


~ + “T + T 

a 0 c 


since it is earthed. Moreover, the potential of the inner surface of 
the shell must be the same as that of its outer surface. Hence, 


b ^ b c ~ c c ~ c 


From (i), 


ga = qb = ^?(say) 




• (ii) 

• (iM) 

• (iv) 


The potential of the shell is, from (ii), 

c* 

This is equal to the total charge on the shell, divided by the capacity 
of the condenser. 


Capacity 


3l 

c 


«= C -f- ■ 


ah 


(from iv) 


6 — a 

The Capacity per Unit Length of a Long Coaxial Cylindrical 
Condenser. — ^Let Fig. 37-18 (a) represent the cross-section of a long 



coaxial cylindrical condenser, the outer surface being earthed whMe 
the inner one is insulated and carries a charge A per unit length. The 
intensity at P is 2A/Kr. Henbe 


Capacity per unit length 


2 ^^ 21 ^ 


log. a]. 


2[log. 6 - log, a] 

K 


2 logt ■ 
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A Variable Cylindrical Air Condenser. — ^To th© ends of a wooden 
base there are attached two ebonite uprights carrying a long ebonit© 
rod AB, Fig. 37*19 (a). This rod supports a brass tub© M, the outer 
radius of which is a. N is a coaxial brass cylinder carried on two metal 
supports to on© of which is 'fixed a spring S making contact with an 



Fia. 37*19. — A Variable Cylindrical Air Condenser. 

earthed metal rail B. The tube M may be raised to any desired 
potential difference by connecting the source of potential to the ter- 
minal Ta which is in metallic connexion with M. The inside radius 
of the tube N is b, A cross-section of the apparatus at N is shown in 
Fig. 37*19 (6). 

The absolute capacity of such a condenser is unknown but by moving 
N a distance I to the right or left the capacity may be respectively 
increased or decreased by an amount 

I ■ 

21og,| 

The Electric Field inside a Hollow Conductor. — Suppose that 
there is no electric charge inside a closed metal surface A, Fig, 37*20, 

Inside this smface construct any closed 
surface. Then the charge inside this 
surface is zero. By Gauss’s theorem, the 
total flux of induction across this surface, 
being 4n times the charge enclosed, is 
zero, i.e. 

fD„,cfe~0 


where D« is th© nornaal component of 
th© ©lectric displacement at a point on 
th© surface. Since the above integral is 
zero for every closed surface which may 
be drawn inside A, it follows that D«, and therefor© D, must b© zero 
at all points inside A, The electric intensity is also zero. 

Cavendishes Experimental Verification of the Inverse Square Law in 
Etectrostatics,---A metal globe was suspended from an insulating sup- 
port. An insulated spherical shell, concentric with the globe, was 
formed by fastening two metal^ hemispheres by glass rods to two 
wooden frames hinged to an axis so that th© hemispheres could be 
placed in the desired position. 

The globe could be put into metallic oonununication with the herni- 
spheres by means of a short wire insulated by a silk thread, so that it 
was capable of being removed without discharging the apparatus. 
Metallic connexion between the globe and hemispheres having been 
made, both were connected to a Leyden jar whose potential had been 



Fia. 37*20. — Electric Field 
inside a Closed Hollow 
Conductor. 
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measured by an electrometer. The wire was withdrawn, the hemi- 
spheres removed and discharged, and the electrical condition of the 
globe tested by means of a pith ball electrometer, which at that time 
(1773) was regarded as the most delicate electroscope. No indication 
of any charge on the globe was detected. 

Cavendish then communicated to the globe a known fraction of the 
charge originally given to the spherical condenser and tested the elec- 
trical state of the globe. In this way he found that the charge on 
the globe in the first experiment was less than that supplied to 
the condenser, for greater charges than this were detected by the 
electrometer. 

He then calculated the fraction of the charge which would have 
remained on the globe if the law of repulsion between like charges 
differed by a small quantity from that of the inverse square. If this 
difference were the fractional charge on the globe would have 
amounted to of that on the condenser. Such a charge would have 
bean detected with his apparatus. 

MaxtmlVs Experimental Verification of the Inverse Square Law in 
Electrostatics* — ^The metal hemispheres were supported on an insulating 
stand, the inner sphere being held in position by means of an ebonite 
ring A, Fig. 37 ’21. In this way the insulating support for the inner 
sphere was never exposed to the action of any electric field, and there- 
fore never received any charge which might have been a disturbing 
factor. Instead of removing the hemispheres before testing the globe 
for electricity, they were allowed to remain in position. In this way 
the inner sphere was protected from all external electric fields, an 
advantage far outweighing the disadvantage due to the fact that the 
effect of a given charge on the inner sphere was not so great as if the 
hemispheres had been removed, i.e. the capacity of the electrometer 
and its connexions was increased. 

The short wire, B, making metallic communication between the 
inner and outer spheres was attached to a small metal disc covering 
the aperture in the shell. When the lid and wire were raised by means 
of a silk tliread, the electrode attached to the electrometer (Kelvin’s) 
could be brought into contact with the inner sphere. The case of 
the electrometer, one pair of quadrants, and the exploring electrode, 
T, Fig. 37-21 (c), were all connected to earth imtil the shell had been 
discharged. 

To estimate the original charge of the shell, a small brass sphere 
was placed on an insulating stand at a considerable distance from the 
rest of the apparatus. 

The following operations were carried out: 

(i) The shell was charged by communication with a Leyden jar, 0, 
Fig. 37-21 (a), the wire B making connexion between the iimer and 
outer spheres* 

(ii) The small brass ball, B, was earthed so that it received a charge 
by induction. It was then insulated — see Fig. 37-21 (6). 

(iii) The communicating wire was withdrawn. 

(iv) The outer shell was earthed. 

(v) The testing electrode, T, was brought into ^ontaotj with the 
inner sphere— Fig. 37-21 (c). 

“Not the slightest effect on the electrometer could be observed,” 
writes. Maxwell. 

To test the sensitivity of the apparatus the shell was disconnected 
from earth, and since it had been under the influence of a negative 
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chaise on the small sphere it had acquired a positive charge. The 
smaU ball was then discharged and, the testing electrode attached to 
the electrometer being in contact with the outer sphere, there was a 
deflection d — ^Fig. 37-21 (d). 

The negative charge on the ball was about §\ of the original charge 





induced changes on f 
smSLl I sphere. 



Outer sphere raised 
to a potential V. 



on the shell, and the positive charge induced by the shell was about 
J- of that of the ball. Hence the potential of the shell, as indicated 
by the electrometer, was about of its original potential. 

Maxwell then calculated that if the repulsion had followed the law 
\ the potential of the inner sphere would have been “ 0-1478^V 
where V is the potential of the shell. Suppose that ± tf is the smallest 


THEORY OF ISOTROPIC DIELECTRICS 


639 


deflexion of the electrometer needle which could be detected. Then 
0-14:7 BpV < ± Kd [fc =* conversion factor], 
V 

and ^ kA 


486 

72/5 


cr 

< ±.j 


Now A was certainly 300 times greater than a. 


P < ± 


21600’ 



ir. 


It was in order to estimate the potential of the inner sphere if the 
value of were not zero that both Cavendish and Maxwell used spherical 
condensers, but in anj?" closed conductor the electric intensity is zero. 

Parallel Plate Condenser. — ^Let us suppose that A and B, Fig. 
37-22, are the plates of such a condenser, the distance between the 
plates being small compared with the linear dimensions of the plate, 
so that we may be justifled in regarding the 
lines of induction as normal to the plates over 
their central regions. Let Vg and Vi be the 
potentials of the plates, the densities of the 
charges on the plates being a and — a re- 
spectively. Let KL be a small element of 
area As parallel to the sucface of either 
plate. Construct the closed surface having 
As for one base and straight lines through 
each point on the periphery of this base 
forming its curved surface. Let this element 
be truncated by a plane, MN, parallel to 
EX and inside the plate A. Then the charge 
enclosed by this Gaussian surface is -f cfAs, 

Let D be the electric displacement at any 
point on the base KL. Then the direction 
of this displacement is normal to KL. The 
contribution to the flux of induction is zero 
across the curved surface of the element 
and also across MN, since this is a surface 
inside the conductor. Hence, by Gauss’s theorem, 

D . da = 4:7? . dAs 

D = 4:770'. 

If K is the dielectric coefficient of the medium between the plates 
of the condenser, the electric intensity is given by 

K 

If J is the distance between the two plates. 

Vj-Vi=E.i = — . 

Since o is the charge per unit area of the positive plate of the con- 
denser, the above expression shows that the capacity per unit area 

K 

of the above condenser is 7—1. 

■■■ . 

If the dielectric has a constant width d, where d < then 

Yj - Ex(« d) + Ejid, 


+0^ 


B 


-or 


Fio. 37-22.— A Parallel 
Plate Condenser. 
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where and Bj are respectively the electric intensities in the air and 

in the dielectric. , 

If <y is the surface density on the positive plate under these conditions, 

E, = 4:510 and E 2 == 4:na/K, Hence 

4570 . 

Vg - Vj = - d) + —d 

= i7ia\t -d 

The capacity per unit area is therefore 

*■.[-« - 3 ]' 


EXAMPLES XXXVII 


l_gtate Gauss’s Theorem in electrostatics. Apply it, (a) to show 
that the product intensity X cross-section, along a tube of force in 
air and containing no charge is constant ; (6) to obtam an expression 
for the intensity of an electric field just outside a charged conductor 
at a place where the surface density of the charge is o. 

2.— A potential difiference of 2,000 volts exists between two large 
parallel plates in air, at a distance apart of 1 cm. Calculate Hie puU 
on unit area of each plate. What would be the effect on ms pull 
if the space between the plates were filled with an oil of dielectric 

constant 3*6 ? ^ 

3 ^-— .The potential^ gradient at a pomt on the earth s suriace is 100 
volts per metre. Calculate the charge per square metre on the earth. 
Calculate also the resulting mechanical stress at the earth’s surface in 


the same locality. ^ r i 

4, ^Derive an expression for the capacity per imit area ot a large 
parallel plate condenser which has half the distance between its plates 
occupied by a slab of material of dielectric constant ic, and the remaining 

half by air. r. ,t -v a 

5, — Assuming that the forces in an electrostatic field can be ascnued, 

to a system of stresses in the dielectric medium, obtain an expression 
for the tensions along the lines of force. What other stress is necessa^ 
for equilibrium ? How has its existence been demonstrated and its 

value verified? „ . , 

Calculate the pull per unit area on the surface of a charged conductor 
at a place where the surface density of the charge is lO”* coulomb 
cm*^®, and the surrounding dielectric has a constant equal to three 
times that of empty space. . , 

6, — Calculate a value for the radius of a water drop which, carrymg 
a negative charge equal to that of an electron (*—4*77 x E.S.H.) 
floats in the earth’s electric field when the vertical intensity is 150 
volts metre^^. Ih the general direction of the field upwards or down- 
wards in this case ? 


CHAPTER XXXVIII 
ELECTROSTATIC INSTRUMENTS 

Eleotbostatio Measubikg Ikstbuments 

The Bihlar Electrometer.— A section 
of this instrument is indicated in Pig. 38T. 

AA is a loop of thin platinum wire 
stretched between a metal rod C [insu- 
lated by amber from the case of the in- 
strument] and a circular piece of quartz 
B. BB are wires fixed to the walls which 
are earthed. When C is connected to a 
source of potential, electrical attraction 
causes the wire loop A to expand side- 
ways. The displacement is measured 
with the aid of a microscope and is a 
measure of the potential difference between 
A and the earth. Potential differences 
from 30 to 300 volts may be measured 
in this way. [N.B.— The volt is no^ 
the electrostatic unit of potential difference. Unit potential differ- 
ence on the C.6.S. electrostatic system of units is equivalent to 
300 volts.] 

The Attracted Disc Electrometer. — ^This electrometer consists 
essentially of a guard-ring condenser and a balance, the underlying 
principle being that the mechanical pull on the movable plate of 
a condenser is balanced against the gravitational pull on a known 
mass. A, Fig. 38-2, is the lower plate of the condenser. It is 
supported by an insulated screw and may be raised to any desired 
potential. The upper plate of the condenser consists of a central 
circular section B, surrounded by a wide concentric ring 0., This 
is the so-caUed guard-ring. B is supported from one arm of a 
balance as shown. The clearance between B and C is sufficient 
for B to move freely and yet not sufficient to disturb the homo- 
geneity of the field in the central region of the condenser. C, and 
the support for the beam of the balance, are earthed, i.e. B is per- 

X,F. HI A A 
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manently earthed also. The balance is first adjusted so that B 
lies flush in the plane containing C. The beam is then just in con- 
tact with the stop K. This adjustment may be effected by adding 
sand to the balance pan D. 

Let V be the potential of the lower plate at a distance t from 
the upper one and m be the additional mass required in D to restore 


P.D. across 






Fig, 38‘2, — ^Attracted Disc Electrometer. 

equilibrium, i.e. to make B and C coplanar again. Let a be the 
numerical value of the density of the charges on the central portions 
of the condenser plates. If S is the area of the plate B (strictly 
the mean area of the aperture in 0 and the plate B), the total pull, 
E, on it is 27ro®S. But 
Y 

‘ I electric intensity — 4?m', 

/. V = t j 
V s 

Since ail the quantities on the right-hand side of the above 
equation are known, or measurable, V may be calculated. 

In actual practice it is found difficult to measure t accurately, 
so that the following modified procedure is adopted. Let A be 
connected to a constant source of potential, V, the plates being 
at a distance t apart. Then 


Now let the potential to be measured, say be connected in 
series with V, the total potential being V + v. Let A be moved, 
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by means of the screw H, through a vertical distance h until the 
balance is again equilibrated. 

Y + v = (t + h) 

From these we have 

v = h 

vs 

The Quadrant Electrometer. — This instrument enables us to 
compare potential differences more accurately than can be done 
with gold-leaf electroscopes. Lord Kelvin made the first reliable 
quadrant electrometer, but the form chiefly used to-day is due to 
Dolejsalbk: [cf. Fig, 38*3 (a)]. It consists essentially of a cylindrical 



(а) Bolezalek Quadrant Electrometer, 

(б) A quadrant. 

(c) Biagrammati® representation of a quadrant electrometer and its connexio|is. 


box divided into quadrants, one of which is shown in Fig. 38*3 (6)* 
Diagonally opposite quadrants are connected by thin wires and an 
aluminium needle is suspended symmetrically in a horizontal plane 
between them. The needle is suspended by a fine phosphor bronze 
wire which is raised to about 100 volts by being coimected to one 
terminal of a battery, the other termmal being earthed (cf. Fig. 
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38*3 (o). Each quadrant is supported on a quartz pillar which 
should never be touched by the hand if the insulation is to remain 
unimpaired. Communication to the quadrants is made by means 
of metal rods and springs passing through the brass case surrounding 
the instrument but insulated from it. 

In some of these instruments the suspension consists of a quartz 
fibre which is chosen on account of its constant elastic properties, 
.The needle is then charged by touching it with a charged rod. The 
insulation resistance of the quartz is so high that the needle does not 
lose its charge for a considerable time. The base of the instrument 
is fitted with screws so that it may be levelled and it is advisable 
to surround the entire instrument with an earthed piece of gauze 
to protect the quadrants and needle from stray electric fields. A 
mirror is rigidly attached to the needle so that small angular dis- 
placements of the needle may be measured. 

The principle underlying this instrument is that when there is a 
difference of potential between the two pairs of quadrants, the needle, 
having a positive charge, moves away from the quadrants with the 
higher potential. The energy of the needle is spent in doing work 
in twisting the fibre. Eor small potential differences the deflexion 
of the needle is proportional to the potential difference. 

If the instrument is not exceptionally sen8itive~-say it gives a 
deflexion of 10 cm. on a scale 1 metre away for a P.D. of one volt- 
then it may be used to compare the E.M.E.*s of two cells by first 
earthing the quadrants and determining the zero of the instrument. 
One pole of one of the cells is then earthed and the other connected 
to one pair of quadrants [disconnected from earth] and the deflexion 
» ^observed. The second cell is then examined in the same way. The 
^ ratio of the E.M,F.^s of the cells is the ratio of the deflexions of the 
needle. 

To Determine the Capacity of an Electrometer and its 
Connexions. — ^Let E, Eig. 38*4, be the electrometer. The insulated 
quadrants may be connected by closing the key Ki to one pole 
of a battery B, the other pole being earthed. The key Ki consists 
of an insulated piece of wire bridging two holes drilled in blocks 
of paraffin wax and containing a small quantity of calcium chloride 
—Fig. 38*4 (6). After a short exposure to the atmosphere the 
chloride^ becomes moist and conducting/ Ci is a parallel plate air 
condenser of known capacity. One plate is earthed while the other 
may be connected to the insulated quadrants of the electrometer 
by closing the key Kg. Let Kg he open and Ki closed, the deflexion 
of the electrometer needle being If Q is the charge on the 
insulated quadrants and the connections to them, c, their capacity, 
is given by 


Q = cV = oefij 
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where V is the potential difference applied and a a constant. When 
is opened the deflexion is unaltered if the electrometer is in 
working order, hut on closing the key Kg the deflexion is reduced 
to 0 SS, the charge Q being shared between the capacities c and Cj. 
Then 

Q = a(c + Ci)9i 

(c + Oi)02 = C01 

Hence c is known. 

To Determine the Capacity of a Small Condenser, a Stan- 
dard Air Condenser being Available.— Suppose that the capacity 
of the electrometer has been determined as above. Let Mg. 38*4, 



Fig. 38‘4. — Capacity of a Quadrant Electrometer and its Connexions. 


be one condenser and Cg a second condenser arranged so that it 
may be connected in parallel with Ci. 

Let be the electrometer needle deflexion when both Ki and 
Kg are closed. Then 

Q = (0i -j- c)V = a(Ci -f* ^)(pi 

When Ki is opened and K 3 closed so that the charge on Ci and 
c is shared with C 2 , let the deflexion be reduced to 9 ?a- Then 
Q z= a(Ci “h c + C2)9?a 

i.e. (Gi + c + € 2)^2 == (Cl + c)(pi. 

Hence C 2 Biay be found. 

If Cl and Ca are each large compared with c, we have, 

(Cl + 02)92 = 0i9i 

nn 93 ^ 22^1111 

Cl 9a 

The Dielectric Constant of Ebonite or Glass. — ^If Ci and 0, 
are two condensers exactly alike so that their capacities are the 
same when air is the dielectric, the dielectric constant fc of a soHd 
may be found by selecting the size of the solid so that it just com- 
pletely fills the space between the plates of the condenser Ci. The 
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G 

two condensers may be compared as above when the ratio — gives 

0,2 

the dielectric constant of the solid, since Ci = KC 2 . 

If the above adjustment cannot be made, the following method 
is adopted. 

Boteman’s Method for Determining the Dielectric Constants 
of Solids.— This method resembles an earher one due to Faraday. A 
parallel plate condenser is used and the substance under test is in the 
form of a parallel slab. Let C, Fig. 38*5 (a), be an air condenser. Its 
lower plate is earthed while its upper plate is connected to the insulated 
quadrants of the electrometer E. Ci is the experimental condenser 
arranged as shown. It may be connected in parallel with C and the 
electrometer by closing the key K. B is a battery, one pole of which 


1 

c, , 

K 
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Fig. 38*6. — Boltzman’s Method of Determini ng the Dielectric Constant 

of a solid, 

is earthed. A wire, fixed to a piece of sealing-wax to serve as an 
insulating handle is connected to the other pole of B. When this 
wire touches C the condenser and electrometer are charged. Let 
be the steady deflexion of the electrometer needle, the charging wire 
having been removed. By closing K the charge on C and the electro- 
meter is shared with Ci — ^let the deflexion be d*. Let Q be the value 
of the charge on the condenser C and the insulated plates of the electro- 
meter. If V is the potential difference across the cell, then 
Q = (C + c)V = a(C + c)d 2 

where c is the capacity of the electrometer and its connexions. 
When the charge is shared with Cj, we have 
Q == ci(C -j- c + Gi)02 

The slab of material under test is then placed in Ci, as indicated in 
Fig. 38-6 (& ). The distance apart of the condenser plates is then altered 
until the deflexion of the electrometer needle is again dt when the 
charge on 0 and the electrometer is shared with the compound con- 
denser. Its capacity must then be Cj. The following analysis shows 
that the dielectric constant of the material of the slab may be calculated 
without any knowledge of the values of c, C, and Cj. 

Let ^2 be the distance apart of the plates of the condenser when 
the dielectric is air : let he this distance when a slab of uniform 
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thickness d is introduced. In this latter instance let E be the electric 

E 

intensity in the air ; then ~ is the electric intensity in the dielectric. 
Hence V, the potential difference across the condenser is given by 

V = E(«J - d) + = e[(, - d(l - 

Now E = where a is the surface density of the charge on the 
positive plate of the condenser. The capacity per unit area of the 
compound condenser is therefore 

<y 1 

4:ra[(.- d(l -J)] 4«[«,-d(l -i)]. 

If A is the area of each plate of the condenser, its capacity is 

A ■. 

- d(l -!)]• 

A 

But this is equal to Cj, viz. 

-d(l =i, 
d 

0J. /C == 3 7- 

The Measurement of a Small Electric Current.— If two 
plates of an air condenser are maintained with a potential difference 
across them and the air between them is exposed to the action of 



Fig. 38* 6. — ^Measurement of an Ionization Current. 


X-rays or other ionizing agent a small ctirrent flows between the 
plates. This current is too small to be detected by a galvanometer. 
One method of measuring such a current is as follows ; — ^A very 
high resistance AB, Kg. 38*6, is joined in series with a battery 
of from 30 to 300 volts or more and a condenser C. When the 
air between the plates of the condenser is exposed to X-rajrs a 
current flows in this circuit, thereby creatmg a potential differ- 
ence between the ends of AB. These are connected to the opposite 
pairs of quadrants of an electrometer and the steady deflexion 
of the needle recorded. Let this be The electrometer is 
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calibrated by placing a Daniell cell [1-08 volts] across its diagonally 
opposite quadrants. Let the deflexion be flj. Then the P.D. 

/A \ 

corresponding to 6% is 1-08 x ' ^ 


therefore 


The current in the circuit is 


r is measured in ohms. For the 


1*08 dt .. 

X ^ amperes if 

experiment to be successful r must be of the order 10^® ohms. 

The Electrophorus. — ^This simple piece of apparatus, originally 
devised by Volta, enables an almost infinite number of charges to 
be obtained from a single initial charge. It consists of a brass plate 
attached to the under surface of a disc of ebonite. This plate is 
termed the sole* A second brass plate, to which there is attached 
an insulating handle, rests upon the upper surface of the ebonite ; 
usually this plate is smaller than the ebonite. A negative charge 
is given to the ebonite by rubbing it with fur, and then the metal disc 
is held over the charged surface. Actually it is allowed to touch the 
surface, but owing to the irregular nature of the surfaces, contact is 
made between them only at a few points. The negative charge on 
the ebonite charges the metal disc by induction — see Fig. 38*7 (a). 
The upper disc is then earthed, so that the induced negative charge 
escapes to earth. When the plate is raised it retains its positive 
charge, which can be transferred to a suitably arranged condenser. 
The process is then repeated. It is sometimes necessary to renew 
the charge on the ebonite, since the initial charge is slowly dissi- 
pated especially if the relative humidity of the air is high. The 
labour of toucMng the second brass plate with the finger at each 
repetition of the above process may be avoided by having a brass 
pha passing from the sole to the upper surface of the ebonite so 
that it touches the plate each time it is placed in position on the 
ebonite. This permits the negative charge (the electrons) to escape 
to earth and the state of affairs is as shown in Fig. 38*7 (6). 

Since the original charge on the ebonite is not diminished by the 
above process it is of interest to inquire the source of energy. It 
is found that more work is required to lift the plate when it is 
charged, for it is then necessary to overcome the force of attraction 
between the charge on the ebonite and that on the plate which is 
raised. Hence the source of energy is the extra mechanical work 
done when the plate is charged. 

The part played by the metal sole is somewhat as follows. * The 
negative charge on the ebonite induces positive and negative elec- 
tricity on the sole, but the latter escapes to earth if the instrument 
lies on a table. The positive electricity on the sole causes the 
negative electricity on the ebonite to penetrate slightly into the 
interior of the ebonite and thus diminish the rate of loss of the 
charge on the ebonite. 
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The Wimshuist machine described below is an agency whereby 
the turning of a handle causes the various stages of the process 
just described to be repeated cyclically. 


\ \ Y Y 'iM i t t f I 

t yiY Y Y Y Y 1 yIy 






; I ] ^ \ \ 




m 




I I 


rfT 




id) 

Fig. 38*7. — ^The Eleotrophorus. 

The Wimshurst Machine. — The type of influence machine 
most frequently used consists 
of two glass plates which have 
been varnished with shellac. 

Tinfoil strips are placed radially 
on the outer sides of these two 
plates ; these plates are capable 
of being rotated in opposite direc- 
tions about a horizontal axis. 

The maimer in which such a 
machine is used is best explained 
by means of Mg. 38*8, in which 
the plates are replaced by 
cylinders. Suppose that the rota- 
tion of the cylinders is in the 
direction of the arrows ; •further, 
let us suppose that the tinfoil 
carrier A has acquired a small 
positive charge. When A is opposite B, which is connected to D 
by means of copper wire brushes supported at the ends of a bras^ rod, 



Fig, 38*8. — ^Th© Wimshurst 
Machine. 
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then, a negative charge is induced on B whilst D acquires a positive 
charge, since B and D really form one conductor. These charges 
are separated when the contact between the brushes and the discs 
on which the charges have been developed is broken. The negative 
charge on B, moving towards the left, induces a positive charge on 
C, and a negative one on E. Thus all the strips on the upper half 
of the outer cylinder acquire positive charges, as do also the strips 
on the lower half of the inner cylinder. These positive charges pass 
the collecting combs on the right-hand side of the diagram. These 
combs are sharp metallic points connected to a knob E, the potential 
of which is raised as the charge which the combs collect increases. 
Similarly the smaller knob of the machine acquires a negative 
charge, so that when the potential difference between the two knobs 
is sufficiently great a spark passes between them. 

The Condensing Electroscope.— The ordinary gold-leaf electro- 
scope is only suitable for the detection of high voltages. If its disc is 


(a) 




Fio. 38*9 . — An Experiment with a Condensing Electroscope to show that 
there is a Potential Difference between the Terminals of a Cell, 

connected to the one electrode of a battery, the other being earthed, 
then no deflection of the leaves is observed— the applied potentia- 
difference is too small. The so-called “ condenser effect,” viz. the 
raising of the potential difference between the plates of a charged 
condenser when the distance between them is made greater, may 
be used to increase the sensitivity of the electroscope. In this 
instance, the condenser consists of two metal plates A and B, 
Fig. 38-9 (a), each about 20 cm. in diameter and insulated from 
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one another by a sheet of recently dried paper D. A is connected 

to earth while B is in metallic connexion with the disc E of a gold 

leaf electroscope, whose outer case is earthed as usual. X is a 

battery, one of whose terminals is connected to earth, the other 

being joined to a wire, Y, to which is attached a stick of sealing 

waxH ; this serves as an insulating handle. When Y touches E t 

the difference of potential between the plates of the condenser is 

equal to that between the poles of the cell, but the leaves of the I 

electroscope do not diverge. The contact between Y and E is i 

then broken and the plate B raised by means of an insulating 

handle attached to it — see Fig, 38-9 (6). The leaves of the electro- r 

scope diverge through a considerable angle showing that there is | 

now a large difference in potential between them and the case of 

the instrument ; this is because the capacity of the condenser has 

been diminished some hundredfold while the charge on each of its 

plates remains (except for induction effects) constant. 

A blank experiment should always be performed to test whether 
or not the condenser is charged initially. If it is, it may be dis- | 

charged by allowing a bunsen flame to pass rapidly over the paper, 
or by exposing it to X-rays. 

EXAMPLES XXXVIII 

1. — ^Describe a quadrant electrometer. For what measurement is it 
specially suited ? 

2 . —H 0 W may the dielectric constant of ebonite be determined 1 

3. -— A smaU current flows through a resistance of 10^® ohms, the 
ends of which are connected to opposite quadrants of an electrometer. 

The deflexion is 120 scale divisions. When a Daniell cell [E.M.F. 1*08 

volts] is connected across these quadrants, the deflexion is 80 scale ‘ 

divisions. What is the magnitude of the current t 

4. — ^Describe and give the theory of a trap-door ” electrometer. 

Calculate a value for the measured pull on an attracted disc of radius 
6 cm., when the insulated plate is 2 mm. away from it and at a potential 
of 600 volts. 

5. — ^What is meant by electrostatic induction ? Describe the 


electrophorus and explain how it acts. What is the source of the 
electrical energy which may be given to a Leyden jar by means of this 
instrument ? 




CHAPTER XXXIX 

THE PROPERTIES OF A MAGNET 

In many ‘^parts of the world there is found a certain oxide of iron, 
called magnetite or lodestone [i^Mdog Mayvfj'tigl, which has the 
property of attracting iron filings. The ore is said to possess 
magnetism. The name is familiar to all, and yet nobody knows 
what magnetism really is— the term, like so many others, being 
I really a confession of onr ignorance with regard to things which 
I are fundamental. A piece of lodestone, EegO*, is a natural 
magnet ; the piece of iron which it attracts becomes a magnet 
too and is called an artificial magnet, since it now also possesses 
this remarkable property called magnetism. In these days lode- 
stone is never used for expmmental purposes, since artificial magnets 
can be made which are very much more powerful ; but the two types 
I of magnets have identical properties, although the degree to which 
! this property of magnetism is possessed is very different. 

Some Preliminary Definitions. — ^When an artificial bar 
magnet is dipped into iron filings and withdrawn, it is found that the 
filings adhere rnost strongly near the ends of the bar ; these regions 
in which the effects of magnetism are greatest are called the poles 
of the magnet. The longer the bar in comparison with its thickness, 
the more nearly do the poles approach the ends of the magnet. 
When a ball-ended magnet, consisting of a steel rod on the ends 
of which steel balls have been screwed, is magnetized, it acts 
■like a simple magnet with poles at the centre of the balls. 

If a steel knitting-needle after being magnetized by stroking it, 
always in the same direction, with the pole of a bar ihagnet, 
is suspended at its centre by a silk thread, then, when a bar magnet 
is brought near to the nee^e, the latter moves. If the end of the 
I bar magnet which was used in the process is brought near to the 
\ end of the needle which it finally left, the two are attracted together • 
placed at the other end of the needle the two are repelled. Evi- 
dently the poles of a magnet possess dissimilar properti^, i.e. there 
are two types of magnetism ; it is found by experiment that similar 
poles repel another, whilst dissimilar poles attract one 
another. Since, however, a magnet will attract a piece of 
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“ unmagnetized ” iron, it follows that repulsion is the only sure 
test for magnetism. The reason for this is given later [c£ 
p. 654], 

, When the suspended needle is displaced from its position of rest 
it continues to execute oscillations for some time, but when these 
have died down the needle points in its original direction. It is 
natural to assume that there are some external forces attracting 
the ends of the magnetized needle. These forces are due to the 
earth’s magnetism, for the earth itself behaves as if it were a large 
magnet. It is an experimental fact that a suspended magnet 
points in a direction which is not far removed from that of the 
geographical north and south. This fact was appreciated by 
Db. Gilbebt, a physician to Queen Elizabeth. The end of the 
needle which points towards the north is called the north^seeHng 
pole or north-pole of the magnet, the opposite end is the south- 
seeking pole ; the kind of magnetism which is present at one pole of 
a magnet is referred to as the north-seeking magnetism [or jporf- 
tive magnetism], whilst the other is the south-seeking [or 
negative] magnetism. 

The position has now been reached*when the results of the above 
experiment can be stated more explicitly. If the north pole of a 
magnet is caused to pass along a needle, the end of the needle which 
is last in contact with the magnet acquires south-seeking magnetism ; 
the other end is magnetized positively. 

If a piece of clock-spring is magnetized by means of another 
magnet it too becomes a magnet, and has two poles near to its 
extremities. Suppose now that such a piece of spring is stroked 
with the positive pole of a magnet starting from the middle and 
going, in turn, to each extremity. Both the ends are magnetized 
negatively, whilst there is a positive pole near to the centre of the 
spimg. Such an arrangement may be regarded as a double magnet 
with the positive pole -of one in contact with that of the other — 
two adjacent like poles in a magnet constitute what is generally 
termed a consequent pole. 

If a magnet is brought near to a small pivoted magnet — ^usually 
termed a compass needle — ^the small needle is deflected from its 
position of rest. This must have been produced by external forces, 
and it is natural to suppose that the large magnet is responsible for 
them. The region in which the influence of a magnet can be 
detected is called a magnetic field • obviously, the more sensitive 
the detecting instrument the larger the field wMch can be observed. 
Hence, mathematically, it is correct to regard the field of a magnet 
as infinitely large ; practically, it is confined to a small region near 
the magnet, for its influence caimot be detected- beyond Jhese 
confines. 
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Induced Magnetism. — ^Let NS,Eig. 39*1, be a bar magnet sup- 
ported vertically in a clamp. If a small piece of steel is placed near 
to S it is attracted by the magnet and if 
allowed to come sufficiently near remains 
clinging to the magnet when its support is 
withdrawn. A second piece may also be 
supported in a similar way if placed below 
the first small piece providing the magnet is 
strong enough. On detaching the first small 
piece of steel carefully the second will remain 
in contact with it. If the experiment is 
repeated without allowing the steel to come 
into contact with the magnet the steel will 
again become magnetized, only to a less 
extent. 

The piece of steel magnetized in the above 
manner is said to have been magnetized by 
induction and the magnetism in it is referred 
to as induced magnc^wm, although there 
is no ftmdamental difference between it and 
that possessed by the larger magnet. Ex- 
periment shows that the polarity of a bar magnetized by induction 
is opposite in sign to that of the nearer pole of the inducing 
magnet. This fact is readily verified by using the test of magnetic 
repulsion. 

Permaueiit and Temporary Magnetism.— If the experiment 
described above is repeated with pieces of soft iron instead of steel, 
the pieces will still be attracted by the magnet, but when they are 
removed from the influence of the exciting magnet they will no 
longer remain together. The reason for this is that soft iron loses 
the greater part of its induced magnetism when removed from the 
presence of the inducing magnet. The magnetism it had whilst 
in contact with the magnet is termed while t^ 

magnetism it retained when withdrawn from the magnet is called 
permanent. In steel the temporary magnetism is practically 
equal to its permanent magnetism, but with iron the two are 
widely different. 

The Demagnetizing Effect of Magnetic Poles. — The pheno- 
menon of induced magnetism explains the demagnetizing effect of a 
magnet on itself. lYhen the magnet is in the form of a bar the 
magnetic force in the bar tends to magnetize, by induction, the 
material at the centre of the bar. The polarity of this magnetism 
will be such that south-seeking magnetism is towards the north pole 
of the magnet, and north-seeking towards the south pole, so that the 
distribution of the induced magnetism is exactly opposite to that 



Fig, 39*1. — Induced 
Magnetism. 
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-Bar Magnets with Keepers. 


of the magnet itself. This demagnetizing effect is greatly minimized 
by the use of soft iron keepers placed across the ends of 
pairs of magnets as in Fig. 

39'2. With , magnets bent ^., Tl 

to form an almost closed ||f|| ' W 

ring the demagnetizing effect j ' ■ |. 

is automatically reduced | =^'"' ' ^ | 

since the oppcBite poles are 

so close together that the S JST 

field due to them at the Fig. 39*2.— Bar Magnets with Keepers, 
centre of the magnets is 

comparatively small ; consequently its inducing action is small. 

The Making of Magnets. — ^The inducing action of a magnet on 
a piece of steel is utilized in constructing small magnets. The three 
usual methods are known as those of single touch, double touch, 
and divided touch. A description of them will be found in more 
elementary books than this. These methods are not suitable for 
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Fig. 39*3-— An Electromagnet. 



the construction of powerful magnets. To produce these, use is 
made of the fact that when ah electric current is passed through 
a coil of wire wound round an iron core the iron becomes a very 
strong m^ combination being termed Bn elecirdmdgnet, 

A modern form of electromagnet is shown m Fig. 39*3. The core, E, 
of the magnet consists of special soft magnet steel 2*5 in. in diameter. 
The two halves of the core are screwed into an iron base and each 
is surrounded by a coil of . copper wire. A, B, C, and D are iour 
terminals, the battery being connected to A and D while a piece 
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of wire coimects B to C. The distance between the poles, PP, 
may be varied. The field may be so strong that all iron parts must 
be securely screwed in position before the magnet is excited. When 
the semi-angle of the pole pieces is about 55® the strength of the 
field is a maximum for a given current, while if flat poles are used 
the uniformity of the field is greatest. 

To produce a strong permanent magnet the piece of steel is placed 
symmetrically in a solenoid as in Fig. 394. The electrical circuit 
donsists of a key K and a fuse F, this being a piece of wire which 
melts when the current through it exceeds a certain value, say 10 
amperes. The terminals A and B are connected to the mains 
supplying direct current. On pressing the key K a momentary, but 
very heavy, current flows. The fuse is blown and the circuit 
becomes dead, but the current has caused the steel to become highly 
magnetized. 

The Removal of Magnetism. — ^It is very frequently necessary 
to remove the magnetism from a magnet. If a body ordy approxi- 
mately free from magnetism is required, the magnetism may be 
destroyed by hammering the specimen or allowing it to fall on the 
floor, i.e. the specimen must be subjected to mechanical shocks. 



Fic. 39*4.— -The Making of a Fig. 39*5.— Arrangement for Demagnet- 
Permanent Magnet. izing the Mainspring of a Watck. 

A more effective means is to raise the magnet to a red heat : on 
cooling, the specimen will be found free from magnetism. Some- 
times, however, as for example when the main-spring of a watch has 
become magnetized, it is not possible to demagnetize the specimen 
in the above ways. The following arrangement is always effective 
[see Fig. 39*5]. AB is a trough containing a saturated aqueous solu- 
tion of zinc sulphate [any other conducting solution will serve], the 
trough being tilted so that the bottom of the trough is only partly 
covered. Two electrodes dipping into this solution are connected 
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through a solenoid, S, and a key, K, to a source of alternating 
current, MN. The watch or other article is placed inside the 
solenoid. The two electrodes, after being brought near together 
so, that a large current passes in the circuit, are gradually moTed 
farther apart so that ultimately the current is reduced to zero when 
the specimen will be demagnetized. Por the reason for this see 
p. 857. To be quite certaia that the current has been brought 
continuously to zero it is advisable to splash the solution about in 
the trough before commencing operations. The moving electrode 
is finally brought out of the solution by dragging it along the bottom 
of the trough so that only a very thin film conducts the current. 

Paramagnetic, Diamagnetic, and Ferromagnetic Sub- 
stances. — ^In 1845, Pababay showed that many substances were 
afiected by a magnetic field. Solid specimens were suspended by a 
long and very fine suspension between the poles of an electromagnet. 
When the current was passed Paraday found that all substances 
could be divided into two classes. The members of the first class 



Elevation. 


t lOll. 

(A) (B) 

Fig. 39*6.— Paramagnetism and Diamagnetism. 

arranged themselves so that their lengths were parallel to the field 
while the others set in a direction at right angles to the field. These 
two types are indicated in Pig. 39-0. Faraday called the two classes 
paramagnetics and diamagnetics respectively. When subject- 
ing liquids and gases to this test they were enclosed in narrow glass 
tubes : the results were, of course, corrected for the magnetic 
character of the glass. J 

The first . or paramagnetic class comprises substances such 
as iron, steel, cobalt, nickel, tungsten, aluminium, manganese, 
and chromium, while bismuth, zinc, copper, lead, and tin are 
diamagnetics. 

Of all the paramagnetic bodies, iron, steel, cobalt, nickel, 
permalloy, mumetal, and certaia alloys known as Heusler’s afloys 
[cf. below], possess the property of becoming very powerful mag- 
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nets — ^they are said to he ferromagnetic substances. In fact, the 
degree of magnetism possessed by all other substances is so small 
that it is usual to regard them as non-magnetic, although, stiiotly 
speaking, all substances, including gases, are magnetic. 

It has also been found that feebly paramagnetic substances 
behave like diamagnetics when they are placed in a more highly 
magnetic medium. For example, if a glass tube containing a weak 
aqueous solution of ferric chloride [FeaCL] is placed in a strong 
magnetic field the tube comes to rest along the lines of force, but 
if it is supported in a stronger and therefore more highly magnetic 
solution of the same salt it comes to rest in a direction perpendicular 
to the field. 

Alloys having some Peculiar Magnetic Properties.-— In 1892 
it was found that although ferro-manganese and ferro-alumMum 
are only paramagnetic, certain alloys containing about 12 per cent, 
of iron, the remainder being aluminium and manganese, are ferro- 
magnetic. A year later Hettsler showed the addition of aluminium, 
tin, or arsenic, in certain proportions, to an alloy of copper and man- 
ganese formed a ternary alloy ^ which was ferromagnetic. The 
copper-manganese-aluminium alloy is the best known of these 
so-called Beuslefs alloys. 

The Heat Treatment of Steel for Use as Magnets — ^When 
steel is heated to a brilliant red heat, and afterwards quenched by 
^ plunging it into water, or oil, it becomes very brittle and is known 
technically as glass^hard steel. On raismg the temperature to a 
very dull red heat the steel assumes a straw tint : if the heating is 
continued the tint becomes Wwo. Such steel is said to have 
become "tempered by heat treatment. It is found that steel 
tempered down to a blue tint retains its magnetism better il used 
in the construction of magnets having a length more than twenty 
times their diameter. On the other hand, short magnets have 
greater retentivity if made from the glass-hard variety of steel. 

Cobalt-steel Magnets. — ^When a powerful magnet is brought 
near to soft iron filings these become magnetized by influence. If, 
now, a powerful magnet is brought near to a weak one so that like 
poles are nearest together, the induced magnetism in the feebly 
magnetized needle is greater than that originaIl.y present, so that 
attraction ensues. Cobalt-steel magnets are such that the induced 
magnetism is generally small compared with the permanent 
magnetism. This enables magnetic reptdsion to be demonstrated. 
An experiment has been described recently in which one magnet is 
made to “ float ’’ in air like Mohammed’s coffin. A cobalt-steel 
magnet, about 10 cm. long and 0*5 cm. diameter, is placed between 

* An alloy having three main oonatituents. 
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two parallel and vertical pieces of glass, on a table. If a second 
cobalt-steel magnet is placed above the first one so that like poles 
are together, a considerable force of repulsion is experienced ; if 
the second magnet is released it is seen to float. The glass walls 
simply serve to prevent the floating magnet from rotating when 
unlike poles would be brought nearer together and attraction f ollow. 

The Inverse Square Law. — Hibbert’s apparatus, for deter- 
mining the manner in which the force between two magnets varies 
when the distance is changed, is shown in Mg. 39*7. AB is a ball- 
ended magnet about 20 cm. in length, and balanced about a knife- 
edge at C. BE is a second magnet which, while being kept in a 
horizontal position, can be moved up and down the brass sup- 
port P. A scale in cm. is placed vertically behind A and B so that 
the distance between the poles A and B can be ascertained. If the 
poles A and B are similar A is pushed downwards on account of the 
mutual repulsion of the two like poles. A sliding mass Q is moved 
along BC until the pivoted magnet assumes its horizontal position 
again. Let F be the force of repulsion at A, and w the weight 
of Q [if m is its mass in grams, its weight is mg dynes]. Then, taking 
♦ 



moments of forces about C, F . AC = w . CQ. Since AC and w are 
constants, it follows that F is proportional to CQ. Call the distance 
between the poles r. Let r vary and observe the position of Q. By 
plotting log (CQ) as ordinate and log r as abscissa a straight line 
having a slope — - 2 will be obtained. Hence CQ oc i.e. F oc 
The results obtained by such an experiment show, within the 
limits of experimental error, that the force between two magnetic | 
poles varies inversely as the square of their distance apart. \ 
Such an experiment as this is not very accurate because the effects 
of the two poles at B and E are not entirely negligible. Theselatter 
effects, however, are made small by separating B and E as much 
as possible, Le. the magnets used must be long ones. 


I 
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The above method of investigating the inverse square law for 
magnetism is of recent date — ^the apparatus is only used for teaching 
purposes. Historically, Coulomb used the torsion balance to in- 
vestigate the above law ; about 1833 Gauss made some very careful 
measurements in connexion with this law — his work will be described 
later [cf. p. 675]. 

Pole-strength, — two magnets exactly alike were placed at 
ED, the force of repulsion would be doubled ; three magnets and 
the effect would be trebled. When these results are contemplated 
one is led to conceive of the idea of a quantity of magnetism, or 
pole strength of a magnet. Experiment shows that if two poles 
of strength m and m' respectively, are separated by a distance r, 

then F, the force acting on either pole, is proportional to 


mm' 


This may be written E = a . 


mm 


where a is a constant, arbitrarily 

chosen as unity for a vacuum [or air]. Thus, in air, E = 

This equation is really very important, for it is the basis from 
which the definition of a unit pole or unit pole-strength is derived. 
The unit pole, north-seeking [positive] pole, or unit south-seeking 
[negative] pole, is that pole which, when separated in air by a 
distance of one centimetre from an equal pole, is repelled 
by a force ^one dyne. 

Magnetic Intensity, — ^The intensity of a magnetic field or 
the magnetic intensity at a point is numerically equal to the force 
in dynes which a unit positive pole would experience if placed at 
that point, it being assumed that the introduction of the unit pole 
does not alter the configuration of the field. Since the introduction 
of a unit charge into a field would disturb that field, it is better to 

vdm 

where ZIE is the small force experienced by a quantity of mag- 
netism Zlm, introduced into the field at that point where the mag- 
netic intensity is being considered. Moreover, this equation shows 
that the dimensions of magnetic intensity are not those of a force, 
but those of a force divided by a pole strength. The unit of magnetic 
intensity is the gauss, and a magnetic field is said to have unit 
strength when the force acting on a unit positive pole in it is one 
dyne. To determine the magnetic intensity due to a pole oi 
strength m at a point distant r from it we imagine that a unit 
positive pole has been placed at the point in question. The force of 

repulsion between the two poles is ^ ; this gives the 

magnitude of the intensity ; its direction will be along the line 


define the magnetic intensity, H, by the equation H = lim 
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joining tiie two poles and its sense away from the pole m, if this 
is positive. 

Alternatively, if a small positive pole zlm at a point distance r 

from m, experiences a force ZIP, then ZIP = — i.e. ^ == 

Am 

[The sense of the magnetic intensity is given by the sign of ZlP.] 
Since ^ is the limiting valne is tjbie magnetic intensity 

at the point considered. 

Magnetic Lines of Force.—Let 0, Pig. 39'8, be a point in a 
magnetic field. Gommencmg at 0 let us move a short distance OA 
in the direction of the 

magnetic intensity at 0. J5 ^ 

To avoid this somewhat 

long expression we fre- A 

quently say that we have / V 

moved in the direction of / \ 

the field at O. Prom A q/ 
let us move another short 

distance in the direction of the field at A, and so on. In the limiting 
case when the short distances become infinitely small the broken 
curve becomes continuous and it has the property that the tangent 
at any point on it indicates the . direction of the field at that point. 
Such a line is called a line of force. If a unit pole were placed in 
a field and released it would move along a line of force provided that 
sufficient frictional forces were present to’ prevent it acquiring an » 
appreciable amount of momentum. To plot the lines of magnetic 
force due to the combined effect of a bar magnet and the earth's 
field a small compass needle is placed in the field and the positions 
of its extremities indicated by dots. The needle is then moved to 
such a position that its S-pole comes to rest over the point previously 
occupied by its N-pole. Another dot is obtained and the process 
continued. The curve is obtained by joining successive dots 
together. Such a method can only be used when the lines of force 
are not sharply curved; for a compass needle of finite length neces- 
sarily lies along the tangent to the line of force at its centre, and 
in the above process of plotting a field it is tacitly assumed that 
the tangent coincides with the line of force over a length equal to 
that of the needle. 

A very rapid and interesting way of showing lines of magnetic 
force consists in laying a piece of sensitized*paper on the magnet and 
sprinkling over it some iron filings, a process which is most readily 
accomplished by stretching a piece of coarse muslin over the mouth 
of a bottle containing the filings, and using it as a pepper-box. By 
gentty tapping the paper the filings are caused to arrange themselves 
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along the lines of force. The paper is then exposed to sunlight, the 
filings removed, and a permanent record obtained by fixing the 
paper in the usual way. 

The distribution of the lines of force by means of iron fihngs is 
shown in Eig. 39-9 (a) and (6). In (a) the keeper has been removed, 



Fia. 39-9. — Lines of Force indicated by Iron Filings, 

while in (b) the keeper has been placed near to the poles. The 
marked absence of the lines of force above the keeper shows that the 
, Hnes of force prefer to follow the path through the soft iron rather 
than through the air.^ 

The Effects of Magnetism on Chronometers. — The accuracy 
of an ordinary watch, having a bimetallic [steel and brass] balance 
wheel and a steel hair^spring, is greatly affected by magnetism. 
TO placed in a strong magnetic field the steel portions become 
magnetized and the period is affected since the earth’s magnetic 
field exerts an additional couple on the wheel. Moreover, the hair* 
spring may be drawn out and touch the wheel. The watch then 
behaves erratically, and it must be demagnetized. 

An elinvar balance wheel [cf. p. 155] is left uncut, and although 
it may be magnetized, it loses the magnetism on being removed 
from the field. The magnetic conditions of balance-wheel wheels 
and hair-springs made (a) of elinvar, (b) in the usual manner, are 
indicated in Eig. 39*10 and 39-11. 

Yerification of the Inverse Square Law, — ^By constructing a 
line of force due to a bar-magnet placed in a horizontal position in 
the earth’s field the inverse square law may be verified as follows 
By means of a compass needle draw the hnes of force due to the 
. horizontal component of th^ earth’s field alone — ^they are represented 

^ The " line of force is purely a mathematical concept, but it is of such 
use in eaqplaining magnetic phenomena that we wonder it does not corre- 
spond to some reality and we talk as if it does. 














664 


MAGNETISM AND ELEOTRIOITy 

by the parallel lines H in Kg. 39-12. Next place the magnet in any 
convenient position and construct several lines of force, one of which 
viz. NPS, is shown. The point P is selected where the line of force 
is parallel to the earth’s horizontal field. If this condition is com- 
plied with, the direction of the total field at P due to the magnet alone 
must also be parallel to the lines H. But we can determine the 
direction of the field at any point due to the magnet alone as 
follows .-—Let PN and PS be called and respectively. Then 
the total field at P due to NS alone has two components, numerically 

equal to ~ along NP, and ^ along PS. We therefore draw PA and 
"a 

PB jlroportional to these components and complete the parallelo- 
gram PACE. If its diagonal PC, which represents the total in- 




Fia. 39*12. — Verification of Invers© Pia. 39*13. 

Square Law. 

tensity at P due to NS alone, is parallel to the lines H the inverse 
square law will have been verified. For the purposes of this experi- 
ment and others— unless ball-ended magnets are employed— it may 
be assumed that the poles are symmetrically placed and that 
the distance between them is five-sixths the total length of the 
magnet. Good results are obtained by using ball-ended magnets 
at least 15 cm. long, and choosing the point P so that it is at least 
15 cm. away from each pole. Moreover, the curvature of the line 
of force at P should be small [of. p, 661]. 

Neutral Points*— If the lines of force due to a magnet with 
its north pole pointing W, the south one E, and lying in the earth^s 
horizontal field are constructed, a diagram similar to Pig. 39*13 will 
be obtained. 
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It will be found that there are two points, of which A is one* 
symmetrically placed with respect to the magnet, where the compass 
needle tends to set in any position. These are the neutral points 
and indicate those points where the field due to the magnet is equal ' 
and opposite to that of the earth's horizontal field ; consequently 
the resultant horizontal field at a neutral point is zero. In the 
diagram AJ and AK represent the forces on a unit positive pole at 
A due to the N and S poles of the magnet. Their resultant is repre- 
sented by AE, which is equal and opposite to H. If we assume 
the numerical value of the earth's horizontal field [in London 
it is 0*185 gauss], a knowledge of the position of a neutral point 
helps us to calculate the pole-strength of a magnet — see next 
paragraph. 

Experimental Determination of Pole-Strengths and 
Magnetic Moments. — (a) If a magnet has its north pole N 
pointing to the north two neutral points are found on the magnetic 
equator and at equal distances from the magnet, 0, Kg. 39-14 (a), is 
one of these points at distance r from each pole. The intensity at 



0 due to NS alone has two components each numerically equal to 

If OA and OB represent these in magnitude and direction, OE, 

the diagonal of the parallelogram OAEB represents their resultant. 

It is equal to 2*^ cos AOE == 2*^ = where M = 2ml, This 

quantity, 2wZ, the pole strength x the magnetic length, is termed 

the magnetic moment of the magnet. At a neutral point the 

above expression is equal to H so that 

. Hr®- 

M = and w == -^. 

If the direction of the magnet is reversed the neutral points lie on • 
the axis of the magnet and it is left as an exercise to the student to 

prove that in this instance M = |H v . . .L , wh^ r is the distance 

of the neutral point from the centre of the magnet. 
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(b) When the bar magnet points east and west the two neutral 
points lie on a line inclined to the axis of the magnet. Let 0, 
Mg. 39-14 (6), he one of the neutral points for this position of the 
magnet. If and fg are the distances NO and SO respectively, 
while a and ^ are the angles these vectors make with the direction 
of H, the component in a direction opposite to that of H of the 


intensity at 0 due to NS alone, is ^ cos ^ cos a. Since 0 is a 

neutral point the above component is equal and opposite to H, 
so that 


H cos iS — cos a. 

If ball-ended magnets are available for these experiments better 
results will be obtained since the positions of the poles are known 
more accurately — ^they are at the centres of the spheres. 

The Magnetic Field Due to a Vertical Magnet.— We may 
obtain some idea of the configuration of the field in this ease without 
resort to actual experiment although, if numerical results are to be 



Magnetic Meld due to a Vertical Magnet. 


obtained, the field must be plotted in the usual way. If N, Fig. 
39-15 (a), is a single north pole the fines of force are straight fines 
radiating from the pole. If a uniform field H (the earth’s hori- 
zontal field) is superposed on this, the fines of force in the upper 
half will tend to bend round and become parallel to H. The 
fines of force in the lower half will commence similarly to travel 
southwards but will gradually bend round as indicated. In the 
same way the field H will also be disturbed as shown. There 
will be a neutral point at 0. Now in actual practice there will 
always be present the south pole of the magnet so that the actual 
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arrangement of the lines will be slightly different from that 
shown. But even so there will still bo a neutral point. Let this 
be distant r from N, Pig. 39-15 (6), which is a section through the 
magnet and the neutral point. The horizontal components of the 

intensity at 0 due to the magnet alone are ^ and 

Since these act in opposite directions and O is a neutral point we have 

tt ^ . 

® r* {»■!* + 4J2) 

Experimental Verification of the Inverse Square Law for 
Magnetism.— NS, Pig. 39-16, is a ball-ended magnet placed at 
random on a table. The lines of force are plotted in the usual 
way. Let us suppose that 0 is a neutral point. Then the 



Fig. 39-16.— Experimental Verification of the Inverse Square Law for 

Magnetism. 

field at 0 due to the magnet alone is parallel to H, the direction 
of the earth’s horizontal magnetip field, but in the opposite 
sense. 

To verify the inverse square for magnetism through 0 draw OE 
of any convenient length parallel to H but in the opposite sense, 
and through E draw EA and EB parallel to SO and NO to cut SO 
in B and NO produced in A respectively. Then OA and OB are 
proportional to the magnetic intensities at 0 due to the positive 
and negative poles of the magnet respectively. If the force between 
two poles in air is inversely proportional to where n is to be 
determined, then 

OA — hmjT'^ 

and OB = where k is a constant, m the numerical value 

of the pole strength in arbitrary unfts, and f i and are the distances 
indicated. 
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Hence 

OA /’M" 

OB~ V 

or log(gg) = «log(^j). 

If therefore the above distances are measured and the value of 
the expression log (OA/OB) ~ log (fs/f i) found to be 2, the validity 
of the inverse square law will have been verified. 

Intensity of Magnetization.— This is defined as the magnetic 
moment per unit volume of a magnet. If the magnet is uniform 
in cross-section, and the intensity of magnetization also uniform, 
then I is equal to the pole strength per unit area of cross-section, 


M __ 2ml _ m 
V ^ 2ls 


where 2Z is the length of the magnet, v its volume, and 5 its area 
of cross-section. It must be noted that 21 is now the total length 
of the magnet, the poles being assumed to be at the ends. 


EXAMPLES. XXXIX', 

1. — Calculate the force between magnetic poles of strengths 19 (N) 
and 27 (S) respectively when separated by a distance of 10*5 cm. 

2. — ^Find the magnetic intensity at a point 6*7 cm. away from a 
magnetic pole of strength 31*7 units. 

3. ^How far away must two like poles of strengths 81 and 54 respec- 
tively be placed so that the force between them may be equal to the 
W'eight of a 0’60 gm. inass ? 

4. — A short bar magnet lies in the magnetic meridian. If there is 
a neutral point 7 cm. from the centre of the magnet calculate the 
magnetic moment of the magnet assuiiung the horizontal component 
of the earth’s field to be 0-185 gauss. 

5. — Define unit magnetic pole, and explain what is meant by the 
intensity of a magnetic field. Give a short account of the molecular 
theory of magnetization. 

6. — “Describe how, in the absence of any external magnetic field, you 
would proceed to ascertain whether or not one of two identical pieces 
of iron rod were magnetized. 

7. — Explain the terms magnetic moment, moment of inertia, 

A bar magnet is placed on a horizontal table and a neutral point in 
its field is located. A small magnet suspended by a long silk thread 
is placed with its centre immediately above the neutral point. The bar 
magnet is then reversed, end for end, and the small magnet is found 
to make twelve complete oscillations per minute. How many oscilla- 
tions will it make per nainute when the bar magnet is removed ? 

8. — Explain what is meant by the statement H = 0*20 gauss. A 
bar magnet 20 cm. long stands upright with its north pole resting on a 
table. Give a diagram showing the general distribution of the lines 
of magnetic force in the plane of the table. If there is a neutral point 
6 cm. from the magnet, calculate the magnetic moment of the magnet. 
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MAGNETOMETRY 

The Magnetic Moment of a Magnet. — ^When a small compass 
needle is placed in a horizontal plane and is free to rotate about a 
vertical axis passing through its centre it comes to rest in the 
magnetic meridian. If it is displaced it tends to return to the 
above position. This motion is caused by two forces acting on 
the poles of the magnetic needle. If H is the horizontal component 
of the earth’s magnetic field and m the pole-strength of the small 




Fig. 40*1. — (a) Couple acting ou a Magnet in a Uniform Field when the Axis 
of the Magnet is not Parallel to the Field. (6) Equilibrium of a Magnet 
in two Uniform Fields, mutually perpendicular. 



magnet, the force on each pole is mH ; but the sense of each force 
is different since the pole-strengths are really m and — m. Let 
NS, Fig. 40*1 (a), be a small magnet displaced from its position of 
rest through an angle 6, and let 21 be the length of the magnet. 

The two forces mH constitute a couple, the moment of which 
is mH . SA, where SA is the perpendicular distance between the 
lines of action of the two forces. But SA == 2Isin 0, so that the 
momentoftherestoringcoupleism . 21. H.sinS == MHsinfl, where 
M — 2ml^ the magnetic moment of the magnet [the compass needle] 
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The Equilibrium of a Magnet in a Magnetic Field due to 
the Superposition of Two Mutually Perpendicular Magnetic 
Fields." — ^Let us now suppose that the needle is deflected per- 
manently by placing a magnetic field, ^ F, Fig. 40*1 (6), at right 
angles to H. The restoring couple on the magnet due to the pres- 
ence of the second field is mF . AN. The equilibrium position of 
the magnet will be such that restoring couples due to the fields 
are equal, i.e., 

mF . AN == mH . SA. 

F 

or g = tan 0. 

Hence, if H is known and 6 is measured, F may be deduced. 
The above relationship is a fundamental one in magnetometry. 

[In general, F is only uniform over a small region— hence the 
magnet used should be short.] 

The Magnetic Intensity due to a Bar Magnet at a Point on 
its Axis. — ^It is required to determine the magnetic intensity [or 
field] due to a bar magnet at a point on its axis — ^the axis of a magnet 
being defined as the direction of the line joining the two poles 
together. Let m be the pole-strength, 2Z the length of the magnet 
and f the distance of the point A from the centre of the magnet, 


s 

jn 


-p 

>j 


1 

^21 -A 





Fig. 40*2.-~ Magnetic Intensity at a Point on the Axis of a Bar Magnet. 

Fig. 40*2. Suppose that a unit positive pole ^ is placed at A. Then 

r/h X' 1 

the force on this pole due to + ^ is since the distance of 

separation of the two poles is NA or (r — Z). The force due to — m 
is similarly — these two forces act along the axis so 

that their resultant F^ [say] may be calculated by addition. 

. ^ m m 4mZ . r 

* • r d 


{r-lV (r + l)^ 
2Mr 




( 1 ) 


where M is the magnetic moment of the bar magnet. 

^ Tills is an abbreviated, statement ; it means that the magnetic strength 
of the field, or the magnetic intensity, is F dynes per unit pole or F ganss. 

® Strictly speaMng, only a small pole should be placed at A. The force 

per unit positive pole on this charge is then 


(r Z)* 
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If I is small compared with r,it maybe neglected, so that Ea ir 

2M 
then - 5 -. 

T 

The Magnetic Intensity due to a 
Bar Magnet at a Point on its Equator* 

•—The equator of a magnet having been 
defined as the direction of a line perpen- 
dicular to its azis and bisecting the dis- 
tance between the poles, let B, Fig. 40*3, 
be the chosen point at distance r away. 

The magnetic field at B is the resultant 

of two components {i) along NB 


and (tf) 


m 


(NB)2 

along BS. If these are 
the vectors BP, BQ, 


(SB)V 
represented by 
drawn along NB produced and BS re- 
spectively, the resultant intensity will be 
represented by BR the diagonal through 
B of the parallelogram BPRQ. The mag- 
nitude of this resultant is givfen by 

2 m I 



Fig. 40*3, — ^Magnetic In- 
tensity due to a Bar 
Magnet at a Point on 
its Equator. 


XE» = 2BPcosa = 
since BN = (r* + 

When I is small, this reduces to 


M 


BN* ‘BN (r» + Z*)3 
M 


( 2 ) 


The Deflexion Magnetometer. — ^This consists essentially of a 
small magnetic needle pivoted or suspended by a silk thread, so that 
it is capable of moving in a horizontal plane. A light aluminium 
pointer is attached at right angles to the needle, and this is used 
to determine the angle through which the magnetometer needle 
moves. The end of the aluminium pointer moves over a circular 
scale, graduated in degrees. In order to assist the making of 
accurate observations a mirror is placed underneath the needle, the 
eye being placed in such a position that the needle and its image are 
in the plane containing the eye. In this way parallax errors are 
avoided— see Fig. 40*4 (a). This diagram shows that unless the 
eye is at directly over the end of the pointer and its image, a 
considerable error may be made in reading the position of the 
pointer. [For convenience the scale is shown by vertical lines— 
actually they are horizontal.] The whole is enclosed in a box 
furnished with a glass lid protecting the needle from currents of 
air, etc. Two scales in cm., etc., are fixed, one at right angles to 
the length of the magnet in its zero position, and the other parallel 
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to it, the centre of the needle being directly over the point of 
intersection of the axes of the two scales. In other words, these 
scales point to the (magnetic) east and west, and to the (magnetic) 
north and south respectively, so that the position of a magnet which 
is used to deflect the magnetometer needle may be observed [cf. 
Fig. 404 (6)]. ^ 

A more sensitive type of deflexion magnetometer is indicated in 
Fig. 404 (c). It is contained in a wide glass tube about 30 cm, long to 
protect the actual working part of the instrument from air currents. 
A No. 2 B.A. brass rod A, fitted through an ebonite disc inserted in 
the top of the glass tube, supports a fine quartz or silk thread carrying 
a small concave mirror, L, rigidly attached to a magnet, M, 



consisting of three short steel rods, and a light aluminium or paper 
vane, N, the purpose of which is to increase the damping by 
augmenting the air resistance and thus bring the magnet to rest 
more quickly after it has been displaced. The deflexions are shown 
by means of a spot of light reflected from the mirror. The advan- 
tages gained by the use of quartz threads are that the restoring 
couple on the magnet is less than with other forms of suspension, 
and the elastic properties of quartz are such that after the quartz 
has been twisted it recovers its former shape completely, a constant 
zero position thereby being obtained. Very frequently the magnets 
are mounted at the back of the mirror. 

Verification of the Inverse Square Law. — Let AB, Fig. 40-5 (a), 
be a ball-ended magnet having one of its poles directly above the 
centre of a magnetometer needle. The eflect of this pole on the 
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needle will be zero since each pole of the needle is affected in an 
eqnaL but opposite way by it ; moreover, these forces act in a 
vertical plane, and the 
needle is only free to 
swing in a horizontal 
plane. Hence any de*? 
flexion of the magneto- 
meter needle will be due 
to the pole A. Let this 
be of strength m and at 
a distance r away. Then 
the field at C due to this 

fit 

is == E [say]. If d is the 

angle of deflexion, m j, the 
pole strength of the mag- 
netometer needle, and H 
the intensity of the earth^s horizontal field, we have, from Fig. 
40*5 (6), F = H tan 6, or tan 6 = constant. If, therefore, when 
log tan 6 (ordinate) is plotted against log r* a straight line whose 
slope is — 2 is obtained, the inverse square law wiU have been 
established experimentally. 

The Tangent A and Tangent B Positions of Gauss.— In 
Fig. 40*6 let a small compass needle be placed at a point on the axis 
of a magnet NS. If is the intensity of the field due to the bar 



Fig. 40*5.-- 


-Verificatibn of Inverse Square 
Law. 


magnet, then F^ is • 


2Mr 


, and if r is large F^may be assumed to be 


uniform over the region occupied by the small compass or magneto- 
meter needle, if H is the value of the horizontal component of the 
earthy's magnetic field, then Fo == Htanfi^. 


IB 



Substituting the known value of F^, the equation becomes 
2Mr 


(y2 . 


or 


Z2)2 - 

M 


H . tan Oa 
(r» - 

' 2r * 


tan da 


(i) 


I.P. 


BB 
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If — is small, the above equation becomes 



= tan 6a + terms which are negligible 
= |r®tan 0 a • • • • (ii) 

Similarly, if the magnet and needle are placed as in Mg. 40*7, then, 
if is the corresponding deflexion, 

Fj = H tan 65 

whence, by substitution, and rearrangement of the terms, 

M 

g == (r 2 + Z 2 )Han . . . (iii) 

This reduces to \ 

M I 

g = f 3 tan 6b, when - is negligibly small . . (iv) 

These two arrangements of the magnet and needle are called the 

tangent A and tangent B posi- 
tions of Gauss respectively. 
Gauss was a German mathema- 
tician of the early nineteenth 
century, and the formulation of 
the above equations was origin- 
ally due to his work. These 
positions are sometimes referred 
to as the end-on and broadside- 
on positions respectively [see Fig. 
404]. It should be noted that 
in each position the axis of the 
deflecting magnet is at right 
angles to the earth’s field, 

A More Accurate Verifica» 
tion of the Inverse Square 
Law. — The expressions obtained for the tangent A and B positions 
have been derived on the assumption that the inverse square law 

M 

is true. If, therefore, the values of g obtained by using a given 

magnet in the two positions are consistent the inverse square law 
wiU have been verified. Unfortunately, however, the uncertain 
factor in these equations is the value to be assigned to Z, the 
semi-length of the magnet. This difiSculty may be avoided by 

using a very short magnet, so that - is negligible, and by measuring 


mE 



To 

Magnetic 

North 




1 


L 


Fig. 40-7.— The Tangent B 
Position of Gauss. 
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the deflexions with the sensitive magnetometer just described. 

When - is small we have 
r . 

M M 

g = tan da, and g == tan 6b. 

Tt„ ^•-2. 

tan 6b 

If the law of attraction were one of the inverse ?i-th power we 
should have 

tan 6a __ 
tan 0ft ^ * 

for the intensity at a point on the axis of a bar magnet would be 

!■. - - (FTT"} ~ 


TO r, , ^ 

- 1 4- n . - 




1 + 71 . - , when — 2 and higher terms 


are neglected, 

___ 

Similarly, for Fj we should have 


^ j!2)^ ■ (r® + 


M 

(r® -f j:*)itn + l) 


M , 


M 1 

Consequently = would equal -f«+i tan da and tan 6b respect- 

Jtl 71 

ively for the two positions ; hence tan0a = Titan 0ft. 

About 1833 Gauss carried out a series of experiments on the above 
lines and showed that n was equal to 2 within the limits of experi- 
mental error. Now it would be very remarkable if such a universal 
law should contain an index 2 plua or minus a very small fraction. 
It is therefore concluded that the value of n is exactly 2. 

The Comparison of Magnetic Moments and the Adjust- 
ments of a Deflexion Magnetometer. — ^Magnetic moments may 
be compared with the aid of a defle::don magnetometer. The 
magnetometer is first made level and then arranged so that the 
pointer attached to its needle sets at the zero marks on the circular 
scale inside the instrument. The scale in cm., etc., used to measure 
the distance of the centre of any magnet from the centre of the 
needle is then placed parallel, or at right angles, to the pointer as 
desired. The following procedure is adopted irrespective of whether 
the tangent A or the tangent B position of Gauss is being used. 
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Fig. 40-8 indicates the positions of the magnet when the mag- 
netometer is in the A position of Gauss. 

■ (i) The magnet is placed with its centre at the desired distance 
'away from the needle — ^Fig. 40*8 (a). After gently tapping the 
case of the magnetometer to overcome the effects of any sticking 
at the pivot, on which the needle rotates, the positions of both 
ends of the pointer on the circular scale are noted. In this way 
any error due to the fact that the axis of rotation of the needle 
may not pass through the centre of the circular scale is 
eliminated if the departure from the ideal conditions is not large. 

(ii) The magnet is then 
turned end for end and 
the positions of the ends 
of the pointer again noted 
—Fig. 40*8 (b). If the 
magnet is not mag^ 
netized symmetrically 
the effects due to this are 
eliminated by proceeding 
in this way. 

(iii) The observations 
are then repeated with the 
magnet at the same dis- 
tance on the other side of 
the magnetometer needle 

—Fig. 40*8 (c) and (d). Any error arising from the fact that 
needle may not he pivoted at the centre of the graduated arm 
are thereby eliminated. 

The mean of the eight readings thus obtained will be equal to 
that deflexion which would be obtained if the settings of the scales 
with respect to the needle and each other were ideal, provided that 
in no instance does the mean differ very much from any one of the 
eight above readings. If, on any occasion, a large difference should 
be foimd, it probably means that the pointer is not at right angles 
to .the axis of the magnetometer needle. 



Fig. 40’8. — Comparison of Magnetic Mo- 
ments and the adjustment of a De&exion 
Ma,gnetometer. 


Experiment 1 . — ^Each magnet is placed in an end-on position and the 
corresponding deflexions determined. Ii suffixes refer to the two 
magnets we have 


H 2ri 


tan 01, and 


■ 5 ^ 

H 



tan 0 j. 


Hence 


^ - hn ® ^ tan 01 

Mj Lr** — * ri * tan 0j* 


Instead of deterininiag the deflexions due to each magnet the position 
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ol the second magnet may be adjusted until the two deflexions are 
equal when the above equation becomes 

Mj Lr/ 

These experiments may be repeated with the magnets in the broad- 
side-on position. 

Experiment 2. — The measurement of angles may be eliminated by 
using the following null method. The two magnets are placed on 
opposite sides of the magnetometer and the position of one of them 
adjusted tintil the needle is not deflected from its zero position. Under 
these conditions the intensities at the centre of the needle due to each 
magnet separately must be equal so that 
2Miri 2M*rt 

Mj Lr** — J * Tx 

Moment of Inertia of a Rigid Body about an Axis of Rota- 
tion.— Suppose that a rigid body is rotating about a fixed axis with 
angular velocity o). Consider a portion of that body, so small that 
it may be regarded as a material particle. Let m be its mass and 
T its least distance from the axis of rotation. Then the linear 
velocity of that particle is v = rm. Its kinetic energy is 

For the whole body, the kinetic energy will be 

where the summation refers to all the particles which constitute the 
rigid body. The quantity is termed the moment of inertia 
of the body about the particular axis of rotation considered. 

The Vibration Magnetometer.— When a magnet oscillates 
freely in a horizontal plane in a uniform field the motion is simple 
harmonic if the motion is restricted so that the amplitude is 
small. The periodic time in seconds is expressed by 

T = 2ot \/-L, 

V mh’ 

where M is the magnetic moment of the magnet, H the horizontal 
component of the field [generally the earth’s], and I the moment of 
inertia of the magnet about its axis of rotation. For a given 
magnet this is a constant depending on its mass, shape, and the 
axis about which it oscillates. For a rectangular bar of mass m, 
of length a and breadth 6, oscillating about an axis through its 
centre of gravity and normal to the plane containing a and 6, 

.. fa^ + bn 

L 12 J* 

For a cylindrical magnet of mass m of total length 2a and radius r 
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perfonning oscillations about an axis through its centre of gravity 
and normal to its length 

«*.!— + 






B 

'jf 


Searle’s Magnetometer,^ — 
TMs consists essentially of a fine 
thread of nnspnn silk, AB, sup- 
ported at its upper end, and 
carrying at its lower end a brass 
cylinder tapering to a point as 
shown in Fig. 40‘9. Tids point 
enables the position of the cen- 
tral axis of the block to be deter- 
mined. The brass block carries 
a short magnet, M, arranged 
horizontally. A light aluminium 
pointer, C, about 10 cm. long 
enables the oscillations to be 
observed more easily. The brass 
block serves to increase the 
moment of inertia of the system 
about its axis of rotation so that 
its period becomes slow enough for accurate observations to be 
obtained. Unspun silk is used for suspending the magnet, since 
the effect of torsion in this material is negligible. 

With the help of this apparatus a magnetic survey of the labora- 
tory may be made. The equation for the period of an oscillating 
magnet may be written HT* = ic, where k is a constant. If H 
is the horizontal field at some point, and this is known, the value 
of K may be calculated when T is known. The value of H at other 
points may be deduced j&’om the value of k thus obtained and the 
observed time of swing at the point in question. 




Fig. 40* 9.- 


“Searle’s Vibration Magneto 
meter. 


Comparison of Two Horizontal Fields.— Two horizontal fields 
could, in general, be compared by the above method if it were 
possible to isolate them, but as a rule the needle will oscillate in a 
field which is the resultant of one of the fields to be compared and 
the earth’s horizontal field. To compare the two given fields it is 
therefore necessary to arrange them so that their directions coincide 
with that of H and theii make the following observations If Fj 
and Fa are the fields, Ho the earth’s horizontal field, and the times 
of oscillation of the needle Tj and Tg when the two fields are arranged 
parallel to Ho and such that the composite fields are (Fi + Ho) 
and (Fj + BCo), we have 
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But K =^ HoTo^ where is the period of osciUatiou in 

the earth’s magnetic field Ho. 

Hence ==Ho(To* - Ti2}. 

Simfiarly FaT*2 :==: Ho(To2 -- 



Oscillation Method for Verifying the Inverse Square 
Law .—A ball-ended magnet, XY, Mg. 40*9, is supported with its 
axis vertical and its lower pole in the horizontal plane containing 
the needle of a Searle magnetometer. If the magnet is long com- 
pared with the distance from the centre of the lower sphere to the 
centre of the oscillating needle, the effect of the upper pole may be 
neglected. The polarity of the lower sphere should preferably be 
such that the horizontal field at the centre of the needle is in- 
creased. This condition is easily tested, for if it exists the period 
of the needle will be shortened. Let r be the distance of the 
lower pole from the centre of the needle when the period is T 
and the total horizontal field (F + Ho), where F is the contribu- 
tion due to the lower magnetic pole, and Ho is due to the earth. 

Now F + H. = and H. = F = /c[^^ - 

But, if the inverse square law be true, F == ^, i.e. Fr^ = constant, or 

[i- 

A series of observations should therefore be obtained and ^ 

plotted against If the points lie on a straight line, the validity 

of the inverse square law for magnetism will have been established 
experimentally. 

^ Comparison of Magnetic Moments by Oscillation Methods. 
—The two magnets are suspended, in turn, by means of unspun 
silk, so that they perform oscillations about a vertical axis passing 
through their centres of gravity. Their periodic times Ti and T, 
having been determined, we have 

where the suffixes refer to the first and second magnets. Conse- 
quently 


J 

T. 




constant. 



M, I,T,* 
M, “ 


080 MAGNETISM AND ELECTRICITY 

The objection to this method is that its calotdation involves a know- 
ledge of Ii and la. In the fol- 
lowing method snch knowledge 
is not necessary. 

The two magnets are sup- 
ported horizontally by passing 
j them through slots cut in a 

30 cm: , sheet of thick paper. The whole 

‘ is suspended by a piece of un- 

spun silk. First, let the north 
poles of each magnet point to 
the magnetic north. Let Tj be 
the period of vibration for small 
oscillations. Then reverse one 
of the magnets— let Tg be the 
period. The moment of inertia 
of the system about a vertical 
axis through its centre of 
■gravity is not altered if care is 
taken that the axis of rotation 
always passes through the 
centres of both magnets, but the total magnetic moment is 
Ml + Mg, and Ml — Ma in the two instances respectively. If 
the restoring couple due to torsion in the fibre is negligible, we 
,! have. 

Hence 

or, 

In this experiment it is important that the magnets should be 
as far apart as possible in order to dimmish the strength of the 
induced poles, and hence their effect. The effects of air currents 
on the motion are eliminated by surrotmding the magnets by a 
glass' 'jar.','' 

In practice, only small magnets may be used in these oscillation 
experiments since it is difficult to find a suspension sufficiently 
strong to support the weight of the system, and yet not exert a 
restoring couple on it. 

So far it has been assumed that the torsion in the suspension is 
negligible. It may happen, however, that one end of the suspension 
has been twisted through a large angle relatively to the bther^the 


(Ii -b la) _ Q 

Mi-Ma Ti* 

Mi + Ma“”Ta2V 

Ml Ti^ + T/ 
Ma’^Ta^-Ti** 


; Ii ' • 

pli - Ma)H‘ 



FiU. 40*10. — Comparison of Magnetic 
Moments by an Oscillation Method. 
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torsioa oonple may be large tmder such circtimstances. To free tbe 
system from such a couple, the magnets are replaced by brass rods, 
and the system allowed to come to rest. The head, H, carrying the 
silk is then rotated until the paper lies in the magnetic meridian. 
The torsional couple is then very small. When the magnets are re- 
inserted the system, even when it oscillates, will be free from a large 
torsional couple. 


EXAMPLES XL 

1. -— Calculate the intensity at a point on the axis of a bar magnet 
whose pole strength is 100 units and length 10 cm. The point is 45 
cm. from the centre of the magnet. 

2. — ^ABC is a triangle right angled at B. At A and B north-seeking 
poles of strengths 16 and 30 units respectively are placed. J£ AB — 20 
cm. and BO = 15 cm., calculate the intensity at B. 

3. — ^A bar magnet measures 20 cm. x 2 cm. x 3 cm. The intensity 
of magnetization in the magnet is 6-2 units. Calculate the pole strength, 
and moment, of the magnet. 

4. — -A magnet of moment 81-4 units is suspended in the meridian and 
then deflected through 41®. What is the couple acting upon it if H » 

0*182 gauss ? 

6.— A magnet makes 10 complete swings in 84 sec, at a point where 
H *= 0*20 gauss. Find the time of swing when H = 0*26 gauss. 

6. — Two magnets of the same material and size make 50 swings in 
6 min. 18 sec. and 6 min. 43 sec. at the same station. If the first 
magnet has a moment 84 units, calculate that of the second. 

7. — -A compass needle having a magnetic moment 850 O.G.S. units 
is rotated through an angle of 55®. Calculate the couple necessary to 
maintain the needle in this position and the work done in rotating the 
needle from its position of rest. [H = 0*18 gauss.] 

8. — ^How would you compare the strengths of two uniform magnetic 
fields superposed at right angles to each other ? How would you 
compare them if the two fields were entirely separate ? 

9. — ^Derive an expression for the intensity of the magnetic field at 
any point on the prolongation of the axis of a bar magnet. Explain 
how the expression may be used in the experimental comparison of 
the magnetic moments of magnets. 

10. — Deduce expressions for the magnetic intensity due to a bar 
magnet in the tangent A (end-on) and tangent B (broadside-on) positions 
of Gauss respectively. Explain the units in which magnetic intensity 
is measured. 

11. — ^Describe how you would compare the magnetic moments of two 
magnets of the same size and shape, {a) using a deflexion magnetometer, 

(5) by a vibration method. 

12. — Describe and explain how you would compare the magnetic ; 

moments of two short magnets by using a deflexion magnetometer. 

13. — A compass needle is set swinging in a magnetic field. What 

factors determine its period of oscillation ? Describe experiments you ; 

would make to illustrate your answer. 


14. — ^Explain how it is that bar magnets of difrerent sizes and shapes 
may have equal magnetic moments. How could you find which of 
two given bar magnets has the greater pole strength T 



CHAPTER XLI 

TERRESTRIAL AND SOLAR MAGNETISM 

The Magnetic Field Round the Earth.—Roimd the earth 
there is a magnetic field, the intensity of which varies from place 
to place, and to a less extent daily and yearly. Db. Gilbert 
believed that the earth was a large magnet with its poles at opposite 
ends of a diameter of the earth. Of course there is no actual 
magnet there; in fact, the origin of the earth's magnetism is a 



mystery, but the behaviour of the earth's magnetism is as if a 
powerful magnet were present at its centre with its axis pointing 
approximately south and north — such a hypothetical magnet is 
shown in Fig. 41 d. It will be noticed that the magnetic axis and 
equator do not coincide with the corresponding geographical posi- 
tions, and that the hypothetical magnet has south-seeking mag- 
netism at the pole which points towards the geographical nortL 
Similar remarks apply to the southern hemisphere. 

The Earth’s Magnetic Elements. — ^If a magnet is suspended 
freely as in Kg. 4:1*2 it is, in general, inclined to the horizontal. The 
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magnet sets itself so that it lies along the direction in wMch the 
earth’s magnetic intensity acts, i.e. in the direction 01. The angle ^ 
of the diagram is called the angle of dip* Now the total magnetic 
intensity I, which is represented in magnitude and direction by 01, 
may be resolved into two components represented by OH and OV 
respectively. These are termed the hori- 
zontal and vertical components of the 
earth’s magnetic field, and are referred to 
as H and V respectively ; in fact, H is the 
magnetic field with which another field is 1 

compared in magnetometer experiments. I ^ ^ 

If ^ is the angle of dip, then 

V OV HI ^ , m % 

H ~ OH ~ OH “ I 

Similarly, ^ i lL. o , h 

H OH , ri r J. Vi 

Y == -^ == cos < 5 &, or H == I cos ^ \ 

and 

*V HI . f •yey ■» . § Fm, 4X*2l. 

T ^ 01 “ r> ^ ^ r* 41-5. 

In an earlier chapter it has been stated that the axis of a suspended 
magnet only points approximately to the geographical north and 
south. The vertical plane passing through the axis of such a 
magnet is called the magnetic meridian, as distinct from the 
geographical meridian, which is the vertical plane passing through 
a line of longitude. The angle between these two planes is called 
the angle of declination* 

When, at any station, the decimation, dip, and the horizontal 
component of the earth’s magnetic field, are known, the magnetic 
field at that station is completely defined. 

Measurement of the Angle of Dip. — ^A simple model of an 
instrument used for the determination of the angle of dip is shown in 
Kg. 41*3. Such an instrument is called a dip circle* It consists 
essentially of a magnetized needle capable of rotation about a 
horizontal axis, the points of support being agate knife-edges. 
These should be kept free from grease. When the instrument is 
not in use the needle is raised from its position of rest on the knife- 
edges by means of two sliding pieces with V -shaped grooves. These 
sliding pieces move together, their motion being controlled by means 
of a screw-head outside the case of the instrument. The positions 
of the ends of the needle are given by a vertical circular scale 
graduated in degrees, etc. The instrument is protected fr&m dust 
[which causes the needle to stick on the knife-edges], and from 
draughts, by means of a case, the front and back of which are 
glass plates. . 
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I vv^ rv4 H To use the instrument, all pieces of iron having been removed from 
Vu¥^l in imediate vioinh}y, it is first levelled by means of the screws 
supporting the base. The upper box, capable of rotation about a 
vertical axis, is turned about that axis until the needle is vertical ; 
in this position the effect of the horizontal component of the earth^s 
field is nullified, for otherwise the needle would not be vertical. The 


plane of the needle is then normal to the magnetic meri^an. For 
consider the forces acting on the poles of the needle— see Fig. 41-3 (6). 
They may be resolved into rectangular components as shown. The 
hor^ontal forces mH. constitute a cou ple, but , th§y™jP.annQt. cause 
the neeSe to rotate si nce it is suppor ted atA and B. The vertical. ^ 
components constitute a^coupfe whose^moment is not^zero unless^^e 
neefpe is yerticj;!. The needle, therefor e, sets with its-axis vertical. 
The case is then rotated tj^pugh 90°, when the needle is in, the 
mai^etic meridian, an d the angle o f. dip is observed on the circular 
scale ; the positions of both ends of the needle are recorded* 
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Fig. 41*3 (a).—- Lip Circle. 


Fig. 41-3 (6).— 
Forces on a Lip 
Needle when its axis 
of rotation is in the 
Magnetic Meridian, 
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Several errors arise in nsing a dip circle : their effects may he 
eliminated as follows : 

(i) The axis of rotation of the needle may not pass through 
the centre of the vertical scale. The effect of this is eliminated 
by observing each end of the needle and using the mean of the 
apparent angles of dip. For if Oi and O 2 , Fig. 414 (a), are the 
centres of the scale and the point in which the axis of rotation 
cuts the needle, respectively, then the actual readings are really 
measures of the angles S 2 O 1 Y and NgOiX respectively, where NiSi 
is drawn through 0 i parallel to N 2 S 2 , the needle. Ihe true dip is 
NiOiX or SiOiY — say <p. Now N 2 O 1 X is greater than (p by N 1 O 1 N 2 , 
and S 2 O 1 Y is less than (p by SiOS^. Since NiNj = SiSg, the above 
differences are equal, so that 9 ? is the mean of the observed readingSi 

(ii) The zero line of the vertical scale may not be perfectly 
horizontal. The effect of this is eliminated by rotating the instru- 



ment through 180°. The needle is still in the magnetic meridian, 
but the ‘‘ apparent horizontal the Hne joining the zeros on the 
vertical scale— will now be tilting in the opposite direction. See 
Fig. 414 (b). The positions of the ends of the needle are again 
observed. The mean gives a value for the dip corrected for this 
error. 

(iii) The magnetic axis of the needle may not coincide with 
its geometrical axis. The elimination of the error arising from this 
cause is effected by reversing the needle relatively to the vertical 
scale by removing it from its bearings, turning it back to front, 
and replacing it — see Fig. 414 (c). The four readings necessary 
to eliminate the effects of (i) and (ii) are repeated and the mean 
of the eight readings gives the dip corrected for errors arising from 
(i), (ii), and (iii). 
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(iv) The centre of gravity of the needle may not coincide 
with the point of supports Suppose that 6, Fig. 414 (d), is 
nearer to S than is 0, Then both N lOX and SjO Y are smaller than 
9 ?. If the needle is magnetized in the opposite direction and the 
observations repeated, the effect is to increase the reading for the 
dip. The mean value of the complete sixteen readings is one from 
which errors attributable to the above causes have been eliminated 
if the discrepancies are small. 

The Angle of Declination. — Since this is the angle between the 
geographical and magnetic meridians it is first necessary to locate 
the geographical meridian. This may be done by observing the 
direction in which the shadow of a vertical string lies when the sun 
is in the geographical south — ^it must not be assumed that the sun 
is in the south at noon on aU occasions. The exact time when this 
position is reached can always be ascertainedfrom a nautical almanac. 

It then remains to determine the magnetic meridian. If it were 
possible to obtain a magnetized needle with its magnetic axis 
coinciding exactly with its geometrical axis then the measurement 
could be easily made. Unfortunately, this ideal cannot be realized, 
and so the following method in which any bar magnet [even 
a magnetized circular piece of iron] may be used is adopted. 

The chosen magnet has two 
straight pieces of copper wire 
fastened to its extremities with 
a little soft wax, and the whole 
is supported in a stirrup by 
means of a silk thread [see Eig. 
41 *5]. Immediately below the 
magnet is placed a sheet of white 
paper. When the magnet has 
come to rest, pencil marks A 
and B are made to indicate the 
positions of the “pins.’’ The 
magnet is then placed with its 
lower side uppermost and the 
experiment repeated — ^the points 
A' and B' are thus found. If 
the two copper pieces have been 
so placed that they lie on the 
magnetic axis, then the magnetic meridian would pass through 
thfem. Since, however, the magnet comes to rest with its magnetic 
axis in the magnetic Aieridian, the lines joining the pencil dots in 
each instance must be equally deviated from the meridian. Ac- 
cordingly, the magnetic meridian Iffld' is ^ as the bisector 

of the angle between the two lines AB and A’B'. 



Fig. 41*5.^ — Determiaation of the 
Magnetic Meridian, 


TEEEESTRIAL AND SOLAR MAGNETISM 


687 


Experimental Determination of H. — ^To determine the absolute 
value of the horizontal component of the earth’s magnetic field two 
experiments are necessary. In the first or deflexion experiment the 
M 

value of g is ascertained by using a magnet in the tangent A [or B] 

position of Gauss. If 6 is the mean deflexion of the magnetometer 
needle, where r and I have their usual significance, we have, 

H 2r 

The second or oscillation experiment consists of a determination of 
MH by suspending the given magnet in the earth’s field and 
observing its period T, Then, with the notation already explained. 


tan 0 = a [say]. 


%7t 




T 

Tvm . or MH = -^ = j8 (say). 


From the quotient of these two equations we have, 




2^1 


H* _ or H - 


2rl 
tan 6 


gauss. 


If the tangent B position is used, the final equation reduces to 
_ 27t / 

“"T 

These same two experiments also enable us to determine the 
absolute value of M, for the square root of the product of the first 
two equations gives 


M = 


There is no name for the unit magnetic moment, but the value 
for M is ia unit poles x centimetres* [The magnetic moment 
of a magnet may be expressed in ergs, gauss'^^ smoe MH (1 — cos 0) 
is the work done in twisting a magnet suspended in a horizontal 
plane through an angle 0.] 


The Kew-pattern Unifilar Magnetometer. — ^By means of this 
instrument reliable values of the declination and of the horizontal 
component of the earth’s magnetic field may be determined. The 
arrangement of this instrument for determining the declination and 
for observing the time of oscillation of the magnet in the vibration 
part of the experiment for finding H is indicated in Fig. 41*6. The 
magnet consists of a hollow steel cylinder. A, fixed to a brass collar. 
This collar also carries a hollow brass cylinder the purpose of which is 
explained later. A scale S, graduated in mm., is feed at one end of 
A while L is a convex lens arranged at the other end. The dis- 
tance between S and L is equal to the focal length of the lens so that 
an image of S is formed at infinity. This image is observed with the 
aid of a telescope F focused for parallel Hght, and D is a plane mirror 
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used to iUummate the scale by reflected light The magnet and its 
accessories are suspended from a torsion head K by means of an unspun 
silk fibre. The whole is mounted inside a box provided with suitable 
windows. The telescope P is attached to an arm (as in a spectrometer) 
and is capable of rotation about a vertical axis. N is a circular scale 
used to determine the position of F. 

One of the greatest troubles in an accurate determination of the 
declination is to free the suspension from torsion. The residual torsion 
is reduced almost to zero by replacing the magnet A by a brass plummet 
of about the same mass and allowing this to swing until it comes to 

rest. Since the material of 
« K the plummet is non-magnetic, 

the position of rest will be 
such that the suspension is 
free from torsion. The torsion 
head is then rotated so that 
the rest-position of the plum- 
met is in the magnetic meri- 
dian. When the plummet is 
removed and the magnet A 
replaced the suspension wiU 
be practically free from tor- 
sion when the magnet is in the 
magnetic meridian. The 
effects of the rigidity of the 
material of the suspension 
are m i n imized by using un- 
spun silk (these eSects only 
come into play when the 
magnet swings). 

Fio. 41*6. — Kew-pattern XJnifilar The eye-piece of the ob- 

Magnetometer. serving telescope is provided 

with vertical and horizontal 
cross-wires, and the magnet A is adjusted so that the divisions 
on the scale S are vertical., The telescope is rotated until the 
image of the central division on S (the zero) appears to coincide 
with the vertical cross-wire in the telescope. The final adjustment of 
the position of the telescope is made by means of a slow-motion screw. 
Since it is dififtcult to bring the magnet absolutely to rest it is more 
usual to adjust the position of the telescope until the apparent angle 
of swing of the magnet is bisected by the vertical wire in F. The 
position of the telescope on N is noted and the observations repeated 
with the magnet A rotated 180® about a horizontal axis so that S is 
inverted. The mean reading of the positions of the telescope eliminates 
any error arising from the fact that the axis of magnetization may 
not coincide with the axis of the optical system. 

It now remains to determine the geographical meridian. From 
Nautical Tables, the latitude and longitude for the station where the 
observations are being carried out being known, the azimuth of the 
sun at any instant is determined. By means of D an image of the 
sun (duly reduced in intensity with the aid of a piece of smoked glass) ‘ 
is reflected into the optical system and the telescope adjusted so that 
this image crosses the vertical wire in F at some particular instant. 
The position of the telescope on the scale N is noted. From the above 
observed time the direction of the sun at the time of the experiment 
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becomes known ; the position of the telescope on the scale N when 
its axis points north and south is deduced. The declination is equal 
to the difference between this position of the telescope and its mean 
position in the former part of the experiment. 

For success in locating the position of the sun it is essential that 
the axis of the telescope should be horizontal, that the plane mirror 
D should rotate about a horizontal axis, and the normal to the surface 
of B at any point lie in a plane parallel to a vertical plane containing 
the optical axis of the telescope. 

If a series of observations of the declination at a station are to be 
made at different times, then it is advisable to use a jBixed object whose 
direction with reference to the geographical meridian is known, instead 
of detennming the direction of the latter on each occasion. 

To determine H with the above instrument it is necessary to deter- 
mine the time of swing of the magnet and its moment of inertia about 
the axis of rotation. The time of swing is found with tlie aid of an 
accurate chronometer. The moment of inertia required is not that 
of the magnet only but that of the magnet and its carriage. This 
cannot be caloxalated. It is determined experimentally as follows. 

Let Ti be the period when the magnet and its carriage oscillate in 
the earth’s horizontal field as above. Let Ij be the moment of inertia 
of the system about the axis of rotation. Then place a brass bar of 
known moment of inertia about the above axis in the tube B provided 
for this purpose. This cylinder completely fills B, and B has been 
adjusted so that when the brass cylrnder is introduced the magnet 
A still swings in the same plane. Let Tg be the period when the total 
moment of inertia about the axis of suspension has become Ij -f I,. 
Then 


[■, = and T, 


'*V isr 




*\T,‘ - T,V' 


so that Ii becomes known. For a cylinder of mass w, length 2a, and 
radius r, Ig = m -f 

It is only necessary to determine Ij once, since it is a constant for 
the system and is independent of the magnetic field in which the 
instrument is situated. 

The second part of the experiment consists in determining the angle 
through which a small magnet is deflected by the magnet A. This 
magnet is removed and its place taken by a small magnet carrying 
a plane mirror on its under side. The plane of this mirror is normal 
to the axis of the magnet. By means of a lamp and scale arranged 
as on p. 350, the deflexion of the suspended magnet caused by any 
external field is measured. In the present instance this field is produced 
by the magnet A situated in the tangent A or tangent B position of - 
Gauss. Let us assume that it is in the former position. A scale in 
mm. attached to the magnetometer enables the distance between the 
centres of the two magnets to be determined. A mean value of the 
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deflexion is deduced from a series of observations made as described 
on p. 676. The ratio M/H is then calculated from the equation 


M (r* - il*)* 
H “ 2r 


tan 6. 


Other methods for the determination of H, (and V) will be discussed 
later. 

Magnetic Maps* — ^The earth’s magnetic elements vary from 
place to place and this variation is best shown by means of lines 
drawn upon a geographical chart. The lines on such a map 
indicate places at which the magnetic element, which is being con- 
sidered, has the same value. Lines of equal dip are called isoclinic 
lines, whilst those showing the places of equal declination are called 
isogonal Unes,Mg, 41-7. The particular isogonal lines for which 
the decimation is zero, i.e. where a magnet points to the geograpMoal 
north, are termed agonic lines. The line of zero dip is called the 
magnetic equator or aclinic line, while the two points at which 
the dip is 90® are termed the surface magnetic poles. Lines 
passing through points having the same value for H are termed 
isodynamic lines. The north magnetic pole is situated in North 
America and was first located by Sir James Ross in 1831 (lat, 
73® 31' N., long. 96® 43' W.). In 1903 it was situated in latitude 
70®40' N., longitude 60®5' W. {Amundsen). The south magnetic 
pole was located in 1909 at latitude 72®25' S., longitude 155®16' 1. 
{Scott). Thus these poles are each about 17® from the geographical 
poles, but their positions are variable. 

A map of the isogonals for the year 1922 is shown in Mg. 41*7 {a). 
It shows that the isogonals converge towards the magnetic poles 
and that the agonic line passes through America running almost 
directly from north to south, but that its continuation in the eastern 
hemisphere is more complicated. A particular feature of this 
portion of the line is the loop known as the Siberian Oval. Oyer 
that portion of the surface of the globe lying between the two 
portions of the agctaiic line and including the Atlantic Ocean, the 
declination is westerly— also in the Siberian Oval. At other places 
it is easterly. 

The isoclinic lines, or lines of equal dip, are shown in Mg. 41‘7 (6). 
These are more regular in their formation than are the isogonals. 
Each follows' a course approximately running from east to west. 
It will also be noticed that the magnetic equator has a course near 
to the Equator but actually crosses it once in the Atlantic Ocean 
and once m the Pacific Ocean. 

Continuously Recording Instruments. — Every magnetic obser- 
vatory, in addition to being equipped with precision instruments for 
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Fig. 41*7 (a). — ^Isogonals for 1922. 

Eoproduced from British Admiralty Chart No. 8598, with the permission of H.M. StaMonery 
Office and of the Hydiographer of the Navy. 


j’f ! 



Fig. 41*7 (6).— Isoclinics. 

Eeproduced from British Admiralty Chart No. 2698, with the permission of H.M. Stationery 
OfiBoe and of the Hydiographer of the Navy. 
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determining til© magnetic elements at that station, is also provided 
with three types of instrument recording continuously the local changes 
in the earth’s magnetic field. The first is the declination magnetograph. 
The small magnet of this instrument is suspended by a quartz fibre 
and is attached to the back of a concave nairror. Light falling upon 
this mirror is refiected on to a sheet of photographic paper wound on 
a drum rotating at constant speed. The whole is enclosed in a light 
tight box and the magnet is surroimded by a large massive copper 
ring so that the rnotion of the magnet shall be highly damped, [cf. p, 827]. 
If the declination were constant a straight line would be found oii 
the paper when developed. Any variation is shown by the excursions 
of the trace from this line. 

Variations in H are detected by the horizontal variometer. This 

consists of a small 
magnet arranged as 
above, but a torsion 
head to which the sus- 
pension is attached is 
used to twist the 
magnet into a posi- 
tion at right angles 
to the direction of 
the mean magnetic 
meridian. A bifilar 
suspension is con- 
venient although the 
sensitivity of the 
variometer is some- 
what reduced. Apian 
of the magnet is 
shown in Fig. 41*8. 

Let us first suppose that the direction of H changes by a small 
amoxmt but that H remains constant. The forces in a horizontal 
plane acting on the poles of the magnet are each mH, where m is the 
pole strength of the magnet. These constitute a couple of moment 
mK . 27 cos Since p is small this does not differ appreciably from 
the couple due to the suspension (it is equal to MH) and therefore 
small variations in the direction of H do not affect the instrument. 

Now let us suppose that H becomes (H -f zIH). Then the moment 
about a vertical line through the centre of mass of the magnet of the 
forces acting on it becomes 

m(H -f.dH) .27 

i.e. the increase is M . AH. The magnet is therefore deflected until the 
couple due to the suspension is increased to balance the increase in 
the above moment. Thus the spot of light refiected on to the recording 
drum moves. This (fisplacement is determined by calibrating the 
instrument by observing the defiexion caused by placing a magnet 
whose magnetic moment has been previously determined in a known 
position with reference to the suspended magnet. 

The third type of instrument referred to aboveis the vertical intensity 
magnetograph. Hone of the instruments designed to record variations 
in V was satisfactory until Watson constructed the magnetograph 
described below. In the earlier instruments a magnet was mounted 
to rotate in the magnetic meridian about a horizontal axis. The 
magnet was loaded so that it was horizontal when the vertical magnetic 



inH 


Fia. 41*8. — The Magnet of a Horizontal Variometer. 
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field was equal to the mean value of the vertical field at the station 
in question. The axis of the needle was thus normal to V so that any 
variations in V deflected it and could be recorded photographically. 
Since the needle was supported on a knife edge, mechanical disturbances 
were a source of much trouble and were only eliminated when Watson 
constructed the whole of the moving part of the instrument (the magnets 
excepted ) from fused quartz. An additional advantage of Ms apparatus 
is that it can be rendered independent of temperature changes : this is 
most desirable since the magnetic moment of a magnet decreases with 
rise in temperature. 

Watson’s magnetogi’aph consists essentially of two magnets Ni_Si 
and NgSg, Fig. 41*9, of pole strengths and mg respectively. They 
were rigidly attached to two quartz rods fused to a small quartz 
plate P, the upper 
surface of wMch was 
polished and flat. 

The above rods 
were fused to quartz 
fibres Fj and Fg re- 
spectively and these 
were fixed to a 
quartz spring S and 
a torsion head T. 

The small adjustable 
mass m is placed in 
such a position that 
the ends Si and Sg 
of the needles which 
usually point up- 
wards (in northern 
latitudes) are de- 
pressed below the 
horizontal plane 
through Fi and Fg, 
and the torsion head rotated until the magnets lie in a horizontal 
plane. Any variation in V causes the magnets and the plate attached 
to them to rotate until the change in the couple acting on the systenl 
is balanced by a change in the torsional couple acting on it. The 
totally internally reflecting prism R enables the variations to be de- 
tected by a horizontal beam of light incident upon the system in the 
manner indicated. 

Magnetic Storms.— Abrupt changes in the magnetic elements 
are sometimes reported simultaneously by the different magnetic 
observatories. These are often associated with the sudden appear- 
ance of a large sun spot and a display of the aurora borealis. 
Changes in the earth’s magnetic field are probably due to external 
influences as the above phenomena suggest. 

Variations in Terrestrial Magnetism. — ^The magnetic field of 
the earth is constantly changing. The variations are generally 
slow, and centuries may elapse before the particular magnetic element 
at any chosen place regains its former value, i.e. the period of the 
change is very long. These slow-changing variations are termed 
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secular changes. At the same time the positions of the mag- 
netic poles also change. In addition to these irregular secular 
changes, very accurate measurements have shown that the magnetic 
elements also undergo other rapid, but very small, variations. Thus 
there is a daily period, a lunar month period, a yearly period, a 
period of 11 years [the spots on the sun have a similar period] 
and, a period of about 26 days. This last time is the period in 
which the inner core of the sun performs a complete revolution, 
for it is a well-known astronomical fact that the sun does hot 
rotate as a rigid body, but that it rotates at different speeds in 
different latitudes. 

Zeeman Effect. Solar Magnetics. — ^We have already seen how 
the spectroscope has given us information regarding the elements 
present in the chromosphere of the sun. The same instrument has 
also taught us something about the solar magnetic field. In 1895, 
Zbemajs*, a Dutch physicist, discovered that when the light from a 
sodium or lithium flame situated in a very intense magnetic field 
was examined spectroscopically in a direction parallel to the field 
each line in the usual spectrum became a doublet, whereas if the 
light was similarly examined in a direction perpendicular to that 
of the magnetic field then, in addition to every usual line, there 
were two components associated with it. When direct sunlight is 
examined by a sensitive spectroscope it is found that doublets occur 
when the instrument is directed to the centre of the sun, whereas 
triplets appear if the light examined comes from near the periphery 
of the sun. This shows that there is a magnetic field of great 
intensity round the sun and that the field is a radial one. 

EXAMPLES XLI 

1. — What do you understand by the terms declination, dip, magnetic 
intensity, H ? Describe the use of a dip circle. 

2. — A cylindrical magnet of mass 23 gm. makes 10 complete swings 
in 109 sec. when oscillating in the earth’s horizontal field. It is 
7*8 cm. long and has a mean diameter of 0*96 cm. When placed with 
its centre 15 cm. from a magnetometer, the mean deflexion is 42*6®. 
Calculate a value for M and for H. 

3. — Write a brief account of the more important properties of the 
earth’s magnetic field, 

4. — Define the terms magnetic dip, magnetic declination. Give an 
account of the method you would adopt to compare the horizontal 
components of the earth’s magnetic field at two points in a laboratory. 

5* — ^The axis about which a dip-needle is movable is slowly rotated 
in a horizontal plane. Describe and explain the behaviour of the 
needle during one complete turn of the axis (a) in England, (5) at the 
magnetic equator. (B.S.S.O. ’29.) 


CHAPTER XLH 


THE MATHEMATICAL THEORY OF MAGNETIC 
PHENOMENA 

Magnetic Media* — ^Hitherto we have supposed that the magnets 
whose effects have been studied have been situated in air — ^more strictly 
in a vacuum. It is now necessary to consider the changes which occur 
when the magnet is surrounded by a medium capable of being mag- 
netized itseff. Many of the equations derived in this chapter will be 
obtained from analogies with the corresponding phenomena in dielec- 
trics. Hence, for the present, no attempt will be made to account 
for the magnetic properties of material media. We shall therefore 
assume that when an isotropic medium is placed in a magnetic field 
it acquires a certain magnetic moment per unit volume. This is termed 
the intensity oj magnetization in the medium, and is denoted by the 
symbol I. For most media the direction of I coincides with that of 
the field. 

Magnetic Intensity and Magnetic Induction. — ^The magnetic 
intensity at a point in air, [strictly speaking, in a vacuum], has been 
defined as the force per unit positive pole on a small positive pole 
placed at the point. When it is desired to measure the force on such 
a pole inside a piece of iron, or other magnetizable substance, a cavity 
must first be made in the specimen so that the small pole may be 
introduced into it. Now the walls of the cavity will exhibit magnetic 
polarity which will contribute to the total force on the small pole in 
the cavity. The contribution will be determined, in part at least, by 
the shape of the cavity, which must therefore be carefully specified 
if the physical interpretation of this force is to have a definite meaning. 

Let us consider the force per unit positive pole on a small positive 
pole. Am, at the point P, Fig. 42*1 (a), at the centre of a cylindrical 
cavity, whose diameter is small compared with its length, and whose 
axis is in the direction of the magnetization at P. The induced mag- 
netism will appear on the ends of this cavity. If I is the intensity 
of magnetization, and a the cross-section of the cavity, the charges 
of magnetism at the ends of the cavity will be la and — la, respectively. 
If 21 is the length of the cylinder, the force on the small pole Am at P 

( la Ia\ 

^ -f j^jAm. 

This is zero, since the cavity is very long compared with its width. 
The force per unit positive pole at P is therefore due to the magnetizing 
field. CaE it H. 

Now consider the force on Am when this is at P the centre of a 
cavity whose length is small compared with its diameter — ^the cavity 
resembles a diso^Fig. 42*1 (t). Again let the axis of the cylinder be 

' 696 . , 
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parallel to the field. Let jS be the area of each plane face of the disc. 
It is only on these faces that induced magnetism will appear. Now 
the contribution to the force per unit positive pole on Am due to these 
induced charges of magnetism is 437:1, a result obtained from analogy 
with the corresponding problem in electrostatics [cf. p. 639]. 



The actual force per unit positive pole on the small pole in the cavity 
is obtained by adding together the two quantities H and This 

total force per unit positive pole on the small pole is a measure of 
the magnetic induction, B, of the material. Hence 

B = H + 43iI. 


Magnetic Susceptibility and Magnetic Permeability.-— The 
quantity defined by the equation, I = termed the susceptibility 

of the material of the specimen. 

The permeability, fi, of the medium is defined by the equation 
B = fiK, Since B = H -f 43rl, it follows that 

p =* 1 + 43r;^. 

Since the magnetic induction B is related to the magnetic intensity 
H in the same way as electric induction or displacement is to electric 
intensity, it follows that the intensity at a point at a distance r from 
a pole of strength m in a medium whose permeability is /<, is given by 



The magnetic induction is given by 


B - 



Gauss’s Theorem. — ^This states that the flux of magnetic induction 
across a closed surface is 47c times the total quantity of magnetism 
enclosed in that surface. 


i.e. jBn.d« « 47rZ'w. pB^ is the normal component of the magnetic 

induction at the element of surface considered.] 

If the surface encloses one or more complete magnets Sm = o, so 
that it is only when the surface outs a magnet that tbe flux of magnetic 
induction across the surface is difierent from zero. 


Lines and Tubes of Magnetic Induction. — A line of induction 
in a magnetic field is such that the tangent to it at any point 
indicates the direction of the magnetic induction at that point. A 
tube of induction is a tubular surface bounded by lines of induction. 

Lines of Magnetic Induction used Q^uiantitatively. — ^In the study 
of the relation between an electric current and the magnetic effects 
associated with it, it is often convenient to use lines of induction quan- 
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titatively. They are then imagined to be drawn in a nniformly mag- 
netized medium in such a way that the number crossing unit area at 
right angles to the field is equal to the numerical value of the magnetic 
induction at that point. If the magnetization is not uniform it is 
necessary to consider an element of area As at right angles to the 
direction of B at the point considered. Then dNj the number of Hues 
of induction crossing this area is expressed by 
, A'N ^B. As. 

Number of Lines of Induction from a Unit Magnetic Pole.— 
Let a closed sphere of radius r be constructed with a single mag- 
netic pole of strength m at its centre. Let N be the number of lines 
of magnetic induction originating from m and crossing the surface 
above. Then the fiux of induction across this surface is ijtr * . B, where 
B is the magnetic induction at any point on the surface of the sphere. 
tn ' . 

But.B 

.V N “ 4:Ji:f®B''= imn. 

If the pole is in air, the lines of force become identical with the 
lines of induction, and we say that the number of lines of force arising 
from a unit pole in air is 47r. 

The above result has been obtained without reference to Gauss’s 
theorem because of its fundamental importance. Those who are 
acquainted with the theorem will see at once that the result is true in 
general, for the fiux of induction across a closed surface i& i^im. 

Magnetic Potential.— The magnetic potential at a point in a mag- 
netic field is defined as the work done per unit positive pole against 
the field in bringing up a small positive magnetic pole from infinity 
to the point, the magnetic potential at infinity being considered to be 
zero. 

The magnetic potential at a point in air, and at distance r from a 
pole m, may be determined as follows. The work done per unit positive 
pole against the field when a small positive pole moves from a point 
at distance r to another at distance (r + Ar) is 



Hence, V, the potential at the point in question, is given by 



The above result is only true for a point in air. If the point lies 
in a medium of permeability p, the potential is given by 



pr 


If V and (V + JV) are the potentials at points distances aj and 
(x + Ax) from a common origin and the me<fium is air, then dV is 
the work done in carrying unit positive pole from the point at lower 
potential to that at the higher potential. This is equal to — H . 
where H is the magnetic intensity between the two points (it is assumed 
it be uniform over the element of distance considered), the negative 
sign occuning since H is directed from the point at higher potential 
to that at the lower potential. Hence 
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It shoTild be noticed that tbis expression is independent of the inverse 
square law. 

If the position of the point is expressed in terms of its polar co- 
ordinates (r, 0), then Hr, the magnetic intensity in the direction of t 
increasing is given by 

H = - 

dr 

In a direction at right angles to this the element of length traced 

out by a point at distance 
r from the origin when 6 
becomes 6 + is r , Ad, 
Hence H^, the magnetic 
intensity in this direction, 
is expressed by 

tt I dV 

^ r *d0* 

The Magnetic Potential 
at a Point in Air due to a 
Small Magnet. — ^Let NS, 
Fig. 42*2, be the small 
magnet of pole strength m, 
and let P be a point in air 
whose polar co-ordinates 
with respect to O, the 
centre of the magnet, are 
(r, 0). Then the potential 
at P due to N is m/NP ; 
due to S it is — w/SP. 
But NP = r — Z cos 0, and 
SP y. 4 - z cos 0, where 21 
is the length of the magnet. 



Fio. 42 * 2 .— Magnetic Potential due to a 
small Magnet. 


Hence V 


= m 


r — Z cos 0 
M cos 0 


r + Z cos 




2ml cos 0 
» — Z® cos *0 

[if Z is small] 


where M is the magnetic moment of the small magnet. 

If Hr and He are the components of the magnetic intensity at P in 
the directions indicated, we have 

^ dV 2MCOS0 

Hr = 


and 


dr 

1 W _ 
r dd ~ 

The residtant intensity is therefore 


Hs - 


48 » 

M sin 0 




Vilr® + HS» = ^[4 cos®0 4- sm*0]i 
If this makes an angle q> with Hr, tan <p 


M. 


[1 4* 3 cos*0]h 


m 

' Hr. 


J tan 0. 


[Note that the resultant ma^etio intensity is inclined to the initial 
line at an angle ( 9 ? 4* 0)4 
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The Angle of Dip at a Point on the Surface of a Sphere when 
there is a Small Magnet at its Centre. — ^TMs is an important 
problem since tb© earth’s magnetic field may, as a first approximation, 
be regarded as due to a small magnet at its centre. We shall therefore 
suppose that the negative pole of the small magnet points to the 
geographic north. — See Fig. 42*3, Let P be a point on the surface in 

latitude A (south). Then (0 + A) = Hence the vertical component 

of the magnetic field at P is 


H, 


2M ^ 2M , , 

■ cos & = — r- sm A. 


r® r® 

The horizontal component of the magnetic field at P is He, where 
M sin 0 M ^ 

^ 

If (p is the angle which the resultant magnetic intensity, I, at a 



Fig. 42*3. — Calculation of the Dip in a given latitude (ideal case). 

station in the “ southern hemisphere ” makes with He {<p is the angle 
of dip], then 

Hr 

tan 9 = g~ = 2 cot 0=2 tan A. 

[In the “northern hemisphere,” ^ vertical com- 

ponent is negative, i.e. it is directed towards O. Also, tan <p = — 2 tan A, 

' 7t 

but, by convention, O <(p so that the minus sign is neglected.] 


■i 
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ji 
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EXAMPLE XLH 

if di and da are the angles of dip observed in two vertical 
right angles to each other and d is the true dip, prove that 
cot*d = cot*di 4* cot*d,. 


at 


j#' 


CHAPTER XLIII 


ELECTRICITY IN STEADY MOTION. CHARACTER- 
ISTIC PROPERTIES OE ELECTRIC CURRENTS. 
VOLTAIC CELLS 


Electricity in Steady Motion.— In our study of electrostatic 
phenomena only electric fields which were practically invariable 
with respect to time have been contemplated. It is now necessary 
to investigate, any effects which might be associated with the 
(Jjgappearance or annihilation of an electric field. Suppose that 
an electric field is due to a certain charged body : if this charge 
is removed the field becomes zero everywhere. Electricity has 
moved, i.e. an electric current has existed. The folloirag experi- 
ment shows that an electric field does not always disappear at 

the same rate. _ n , . i. 

6, Fig. 43-1, is a gold-leaf electroscope arranged in parallel with 
a condenser [a Leyden jar for example]. The insulated plate of 


Fia. 43*1. — ^Electricity in Motion. 

the condenser is connected to a small cavity a in a block of 
paraffin wax: the cavity contains mercury. Two similar enps, 
h and c, are connected to earth through a fine wire and a piece 
of cotton respectively. Suppose that a and b are connected by 
a copper wire — ^this must be supported on a sealing-wax handle 
to prevent the discharge of the condenser through the experimenter. 
The leaves of the gold-leaf electroscope collapse at once showing 
that the potential of the upper plate of C has been reduced to 
zero very quickly. If C is recharged, and a and c connected by 
the copper wire, the collapse of the leaves takes place more slowly. 
In each instance we have the disappearance of a quantity of elec- 
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tricity and the electric field round it, but the rate of disappearance 
varies with the nature of the material along which the charge 
has been conducted to earth [or from earth to the condenser if 
the upper plate of the latter is negatively charged]. 

The Detection of Electric Currents. — ^Hitherto the presence 
of an electric current has been inferred from the disappearance 
of an electric charge : no direct means of establishing its existence 
has been mentioned. Let us now enumerate some means of 
detecting the presence of an electric current. 

(i) The heating effect of a current : Suppose that a short 
length of very fine wire is stretched between two spheres, one in- 
sulated and the other earthed. If the knob of a charged Leyden 
jar is connected to the insulated sphere so that it is discharged 
the wire is volatilized with explosive violence. 

If an experimenter, insulated by standing on blocks of paraffin 
wax, holds one knob of a Wimshust machine in action, the gas 
from a bunsen burner may be ignited if a copper wire held in the 
other hand is brought near to the escaping gas. 

(ii) Mechanical effects : A sheet of glass or a piece of card- 
board may be punctured when placed between the knobs of a 
Wimshurst machine in operation. The edges of the perforation in 
the cardboard will be burred outwards on both sides : the current 
is therefore oscillatory, i.e, there is a to-and-fro motion of the 
electric charges. 

(iii) Chemical effects : Suppose a piece of filter paper, soaked 
in an aqueous emulsion of starch and potas- 
sium iodide# is supported on a piece of wax, 
and two wires, touching the paper, lead to 
the knobs of an electrical machine in action. 

Iodine is liberated when the discharge passes 
• — this is indicated by the appearance of 
two blue patches at the points where the 
wires touch the paper. [SVom what occurs 
in the sequel it will be seen that the 
existence of two blue patches again indicates 
that the discharge is oscillatory.] 

Acidulated water [dilute sulphuric acid] 
may be decomposed by the passage of the 
discharge from a Wimshurst machine. Let 
A and B, Eig. 43*2, be the ends of two 
very fine platinum wires sealed into glass 
tubes C and D so that only the tips of the 
wires are exposed to the dilute acid in which they are immersed. 
If the discharge from an electric machine is passed across the gap 
AB for a long time bubbles of gas collect in F, a small funnel, the 


Lea.ds to 

Wimshurst Machine 



A 


Fig. 43*2. — Chemical 
Effect due to an 
Electric Discharge. 
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delivery end of which is closed and very narrow. The solution 
has been decomposed — Plater, it will be learned that it is the water 
which has been decomposed, the amount of acid remaining constant. 

(iv) Luminous effects : Suppose that Fig. 43*3 represents a 
glass tube containing air at a pressure of about 3 cm. of mercury. 
It is provided with electrodes A and B, these being platinum wires 



Fig. 43'3. — Luminous and Magnetic Effects of the Discharge. 

sealed into the glass. If these are connected to a Wimshurst 
machine in operation, a long sinuous ribbon of Mght will be seen 
stretching almost along the complete length of the tube. 

(v) Magnetic effects : If a cobalt steel magnet is placed near 
to the ribbon of light in the above tube, the path of the light will 
be distorted. Now it is a well-known scientific fact that only like 
things are affected by like things, i.e., in this instance, the passage 
of the electric current through the gas is accompanied by a magnetic 
field which is disturbed when a magnet is brought near to it. 

Rowlaitd, a physicist of the last century, found that when a 
series of insulated metal strips, mounted on a disc capable of 
revolution about its axis, are charged and the disc spun round 
the axis, a neighbouring magnetic needle is deflected’. Such a 
motion of definite electric charges constitutes what is called an 
electric current, and the deflexion of the magnetic needle shows 
that moving electricity can be detected magnetically. 

The Simple Voltaic Cell. — Suppose that a piece of zinc, 
amalgamated^ for preference, and a sheet of copper are dipped 
into dilute sulphuric acid. No action occurs — ordinary commercial 
zinc would dissolve, and it is to prevent this that the zinc is 
amalgamated. If the two plates are connected metallically the 
zinc begins to dissolve and bubbles of hydrogen appear on the 
copper plate. If a fine wire is used to join the plates it becomes 
hot ; a small compass needle is deflected if placed near to the 
wire.^ From these facts we conclude that there is a current flow- 
ing in the wire. The question presenting itself at once is : Whence 
comes the energy to produce this motion of electricity 1 ‘ A con- 
densing electroscope may be used to show that there is a difference 
of potential between the copper and zinc plates— it is maintained 
by an electromotive force, E.M.F., in the cell. Later on [cf 

^ An amalgam is defined as a solution of one or more metals in mercury. 

* The effect cau be increased by curling the wire so that it forms a spiral 
—or solenoid as it is termed. 
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p. 760] this will be further discussed : for the present it is sufficient 
to note that this electromotive force is measured by the potential 
difference between the copper and zinc when the arrangement is 
supplying no current. 

Such a combination as 

zinc I acid [ copper 
is known as a voltaic cell. 

It has been indicated above that the zinc strip dissolves as the 
current flows ; its consumption supplies the energy necessairy for 
the electricity to be sent through the wire and the cell itself. So * 
far it has offiy been shown that there is a current in the wire. 
From the following evidence it is concluded that there is a current 
in the cell itself. If there were no current inside the cell there 
would be an accumulation of electricity at one or both of the metal 
plates— the electrodes— such is contrary to experience. Moreover, 
although the hydrogen is formed when the zinc reacts with the 
acid, yet it appears on the copper plate. The hydrogen must 
have been transported across the cell from the zinc to the copper ; 
in fact, it will be apparent later that the hydrogen travels as a 
carrier of positive electricity : also, inside the cell, groups of atoms 
comprising the radicle SO4, cairry negative electricity to the zinc. 
Modem theory suggests that inside the ceU the current is duo to 
the transport of two different kinds of electricity in contrary direc- 
tions : in the wire only electrons— these are the ultimate units of 
negative electricity — ^move. They pass from the zinc to the copper, 
i.e. in a dii*ection contrary to that in which the current is usually 
postulated to flow. 

Polarization in a Simple Voltaic CeU. — ^The simple voltaic 
ceil described above does not maintain a steady deflexion of the 
magnetic needle ; the deflexion diminishes rapidly and soon the 
deflexion is zero, showing that there is no current in the connecting 
wire. The cause of this phenomenon is attributed to the hydrogen 
bubbles formed by the passage of the current through the cell 
itself clinging to the copper plate. If the battery is removed 
from the circuit, and the two plates quickly connected thi’ough 
the same detecting device the needle is deflected in the opposite 
direction. From this fact it is concluded that the hydrogen bubbles 
send a current through the cell and thereby establish in it an 
E.M.F. which is opposite to that of the cell itself. This is called 
the back E.M.F. of the cell. Initially it is zero, but it increases 
with usage and finally becomes sufficient to reduce the effective 
E.M.F. of the cell, i.e. the difference between the E.M.F. of the 
ceU and its back E.M.F., to zero. Such a cell is said to be polarized 
completely, and the phenomenon is spoken of as polarization* 
In modem cells this effect has been largely or completely removed. 
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Local Actioa. — ^In all forms of cells in wHoh zinc is used as 
one plate, or electrode, the zinc gradually dissolves, nnless it is 
exceptionally pure, even when the two electrodes are not connected 
together. The high cost of production of very pure zinc renders 
its use prohibitive ; it has been found, however, that if the zinc 
contains 4 per cent, of mercury then the zinc only dissolves when 
the cell is in use. The solution of commercial zinc in the sulphuric 
acid, when the cell is not operating, is referred to as local action, 
which we may explain as follows. — Commercial zinc contains traces 
of iron and other metals. If such an impurity is on the surface of 
the zinc plate, and therefore in contact with the acid, it will behave 
as the positive electrode of a small voltaic cell. In this small cell 
the zinc will be the negative electrode and will be dissolved even 
when the copper and zinc plates of the large cell are not connected 
together. 

Corrosion. — ^Whenever a steel framework is exposed to the 
action of water containing traces of dissolved salts the metal is 
gradually corroded away. Attempts have been made to prevent 
this by connecting the iron structure with a mass of zinc likewise 
exposed to the same water. It was thought that the zinc alone 
would corrode and thus save the iron structure. Experience has 
shown that the zmo is only effective for the iron in its immediate 
neighbourhood. 

Cmpts wrm Ohemioal Dspolabizees 

In these cells there is added some chemical to the dilute suL 
phudc acid to prevent the formation of free hydrogen. Several 
such cells will now be described. 

The Bichromate Cell.— Li this cell, 
Mg. 434, carbon and zinc are employed as 
the two electrodes. The liquid is dilute 
sulphuric acid in which potassium bichro- 
mate has been dissolved. The solution 
may be made as follows : 1000 cm®, water, 
100 cm®, cono. HjS 04 , 80 gm. EaCraO,. 
The bichromate acts as the depolarizing 
agent, the CrOs constituent being reduced 
to CrgOg. The chemical action of the cell 
is represented by 

3Zn + KaCraO, + 7HaSG4^^ . 

3ZnS04 + KaS04 + Crt(S04)8 + 7HaO. 

h. A joionio- E.M.F. of this cell is approximately 

Boate Cell, 2 volts. 
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The Bunsen Cell*— A porous pot containing concentrated nitric 
acid and a carbon electrode [+] is immersed in a vessel containing 
dilute sulphuric acid. A zinc rod is placed in the sulphuric acid 
and forms the negative electrode of the cell. The nitric acid is 
reduced by the hydrogen which is formed when the zinc dissolves, 
and is therefore an efficient depolarizing agent. These cells are 
very objectionable in a laboratory on account of the nitrous fumes 
which are evolved. If the carbon rod is replaced by a sheet of 
platinum, then the cell is as designed by Gbovb. 

The Leclanche Cell.— Fig. 43*5 is a diagrammatic section of 
this widely used ceil ; its E.M.F. is 1*46 volts. The central carbon 
[+] electrode is surrounded by a mixture of manganese dioxide 
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Fio. 43*6. — A lteclanoh4 CJell. 


and gas carbon, which serves as a depolarizer because it absorbs 
the hydrogen gas which is generated. This mixture is contained 
in a porous pot which is then placed in a glass jar containing a 
solution of ammonium chloride. The solution diffuses through the 
pot and impregnates the mixture round the carbon. A zinc rod 
is the second electrode. The chemical action is expressed by the 
equations ‘ 

Zn + 2NH4CI + 2Mn02 + H^O -^ZnCL + 2NH4OH + Mn^Os- 
Zn - 4 " 2NM4CI — ^-ZnClg -f- 2 NJfci 8 Ra* 

2Mn02 + 2NH3 + Ha + H20-~>Mn303 + 2NH4OH. 
Steady currents cannot be obtained because the* depolarizing action 
is slow. The solution tends to creep over the sides of the Jar, 
but this is prevented by covering the upper part of the jar with 
a special black compound, or by smearing it with vaseline. 

The Dry Cell. — ^This ceU is really a form of Leclanche cell in 
which the fluid has been replaced by a mixture of sal-ammoniac, 
hygroscopic salts, and sawdust. This mixture must be moist, so 
i.r. CO 
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that the term dry eell” is really a misnomer ; its ver;^' action 
depends upon the fact that it must be wet. The carbon rod is 
surrounded by a paste made from manganese dioxide, coke, am- 
monium chloride and zinc chloride, this being a hygroscopic sub- 
stance. This depolarizing paste is contained in a muslin bag 
(for the paste is a good conductor and must not be allowed to 
come into contact with the zinc). The mixture of sal-ammoniac, 
zinc chloride, and sawdust, occupies the small space between the 
bag and the outer zinc case which forms the negative electrode. 

A small vent in the wax which 
seals the cell permits any gases 
to escape. 

In the making of a dry 
ceU one of the main con- 
siderations is to ensure the 
retention of the essential 
moisture in the interior of the 
cell, while at the same time 
peimit the gases generated 
during the working of the ceU 
to escape. In the cell shown 
in Fig. 43*6 these conditions 
are adequately fulfilled. 
There is a patented device 
which hermetically seals in the 
active ingredients but which 
permits the gases to escape 
during the working of the cell. 
In addition it is possible to 
introduce a large quantity of 
the depolarizing mixture by 
dispensing with the usual 
fabric sack and separating 
the mixture from the zinc container by a thin paper lining. 
The whole is moistened with an aqueous solution of ammonium 
chloride and when the paper is saturated with this solution the 
current passes through the paper — ^it is then a separator but not 
an insulator. 

The central carbon rod has two narrow holes running longi- 
tudinally through it. At the bottom of the cell a cardboard disc 
fits closely round the rod and presses against the paper lining. 
The depolarizing mixture is then rammed into the space between 
the rod and paper lining. A layer of the sealing plastic compound 
is then run on top of the mixture. Gases formed in the mixture 
rise until they reach the plastic layer and when the pressure be- 
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comes great enough, they pass as bubbles through the compound. 
These burst, and the compound flows together, thereby re-sealing 
the cell. 

The air space at the top of the cell connects with the vents 
through the carbon by means of slots cut in the rod. The reason 
for the cardboard disc with grooves at the bottom of the cell is 
that by this means any gases generated at the base of the cell 
find an exit through the vents in the carbon. The depolarizing 
agent is packed in so firmly that the gases formed in this region 
are unable to pass through the mixture, and, unless they can 
escape in another way, gradually force the mixture out of the cell. 

[Another advantage of this new type of dry cell is that its internal 
resistance is low— on short circuit a current of 50 amperes is 
obtained.] 

Cells WITH Electeochemioal Depolabizebs 

If a metal is immersed in a solution of its own salt — say zinc 
in an aqueous solution of zinc sulphate— there is a definite potential 
difference between the metal and the soluteon. If a current is 
sent in the direction from metal to the solution some of the metal 
passbs into solution : when the current is in the reverse direction, 
metal is deposited on the metal. But as long as the nature of the 
surface and of the solution remain 
unaltered the potential difference is 
constant. If, therefore, a voltaic cell 
were constructed by having two metals 
dipping into solutions of their own 
salts respectively, the solutions being 
prevented from mixing by means of a 
porous pot, the potential difference 
across such a cell would be constant. 

The anode or positive electrode would 
receive an additional thickness of the 
same material as itself and would not 
polarize : neither would the cathode 
or negative electrode. This electro- 
chemical method of preventing polari- 
zation was discovered by Danibll. 
the following cells. 

The Darnell Cell. — ^The details of this cell are shown in Fig. 43-7. 
The cell is very reliable and wiU supply a fairly steady current for 
a considerable time. The zinc is gradually divssolved and copper 
is deposited upon the copper p|ate ; the deposited copper is ob- 
tained from the copper sulphate solution, hence a few sulphate 
crystals are placed on a wire gauze at the top of the ceU in order 



-line 

-Porous Pot 

}|k?J Crystals 
-Dilute 

CUSO4 
Solution 

' Vessel 


Fm. 43*7.— A Daniell CeU. 


It is the basic principle of 


4.. 
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to maintain* the strength of the solution. Instead of using a copper 
container, as in the diagram, a poroelain jar may be used, when 
a copper plate is inserted in the solution. The E.M.E. of this cell 
is approximately 1*08 volts. 

The Weston Cadmium Cell. — ^The cells which have been 
described previously suffer from the disadvantage that their E.M.E.’s 
are not constant when they are in use, and also vary considerably 
with changes in temperature and changes in the concentration of 
the dissolved substances. For purposes of standardization it is 
desirable to have a cell whose E.M.F. shall be constant, or, if it 
does vary with temperature, then this variation must be small and 
measurable. Such a constant ceil is found in the Weston Cadmium 
Cell. A cadmium amalgam forms the negative pole, whilst mer- 
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Platinum Leads 

Fio. 43*8 — WeBton Cadmiiim Standard Cell. 


cury is the positive pole. The liquid in the cell is a saturated 
solution of cadmium sulphate, and mercurous sulphate is the 
depolarizer. All these substances are specially purified before 
being assembled as in Fig. 43-8. Platinum wires serve to connect 
the electrodes to an external circuit. Such cells have an excep- 
tionally high internal resistance. They are not intended to give 
any but very minute currents, and, in spite of their high internal 
resistance [cf, p. 760], are spoiled if the terminals are connected 
by a short wire. They are only used as standards with which other 
cells may be compared. The E.M.F. of such a cell is expressed by 

. E^ == 1*0186— [3*8 X 10“» (t - 20)] volts, 

where E^ is the E.M.P, at f C. From the formula it is seen that 
the E.M.F. is 1*0186 volts at 20® C. 
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EXAMPLES XT.TTT 

1.— Desoribe a condensing electroscope and explain its use. 

^ 2. -“Describe the simple voltaic cell and give an account of its action. 
Explam how, and to what extent, the defects of the simple cell are 
remedied m (a) a Daniell cell, (6) a Leclanch4 cell. 


CHAPTER XLIV 


ELECTRIC CURRENTS AND THEIR MAGNETIC 
EFFECTS 

The Magnetic Field due to a Current in a Straight Wire. 
—When an electric current flows in a straight wire magnetic forces 
are produced in the neighbourhood of the wire. The wire itself 
does not become a magnet, for it cannot attract iron filings, neither 
does it possess any magnetic poles. If, however, a vertical wire 
carrying a lutgc current pierces a sheet of cardboard on which 
iron filings have been sprinkled, then these filings arrange them- 
selves in circles round the wire. The filings are still arranged 
in a circular form when the current is reversed ; but if a small 
compass needle [which may be regarded as an iron filing capable 
of rotation about a pivot] is placed on the cardboard, the direction 
in which the needle points depends upon the direction of the 
electric current in the wire. The direction of these circular mag- 
netic lines of forces can be ascertained from the following rule : 
Look along the wire in the direction in which the electric 
current is travelling, then the lines of force are such that 
a positive {north-seeking) pole tends to move in a clockwise 
direction. In Fig. 44:d the direction in which the N-pole of a 
needle tends to move is indicated. The manner in which the 
magnetic field is related to the direction of the current is perhaps 
best remembered with the aid of Fig. 44*2. [If, on this diagram, 
the names ‘‘ current ’’ and “ magnetic field ’’ are interchanged, we 
have the direction of the magnetic field at the centre of a circular 
coil carrying a current flowing in the direction indicated.] 

The tendency of a magnetic pole to rotate may be demonstrated 
by means of the following experiment [Fig. 44-3]. A straight wire 
W dips into the centre of a vessel containing acidulated water and 
jfe connected to the one pole of a batteryl A copper plate P is 
joined to the second electrode. A piece of soft iron rod is mag- 
netized and inserted in a cork G, the shape of the cork being such 
that the rod floats vertically, with one pole near the surface and 
the other well below it. When a strong current is passed through 
the wire the floating magnet moves in a circle as long as the 
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Fia. 44-L 


current is passing. The direction of the motion depends upon the 
polarity of M and the direction of the electric current in W. 

In the above experiments a large current is used so that the 
effect of the earth's magnetic field may be small compared with 
that due to the current. The same effect may be obtained by 



its Magnetic Field. Fio. 44*3. 

passing a somewhat weaker current through several wires in parallel. 
If the current is weak and only one wire is used the magnetic fidd 
in a horizontal plane round the wire may be plotted with the aid 
of a compass needle. Such a field is indicated in Fig. 44*11, The 
presence of a neutral point will be noticed. 

MaxwelVs JRtite.— Maxwell gave the following rule for determin- 
ing the direction of the magnetic field due to a current flowing in 
a s]^&Gi&d dkeotion:— If an observer imagines that a cork- 
screw is being driven in the direction of the current, a north 
pole, placed in the field, will move in the same direction as 
the screw is being turned. 


' /Hi 
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Electric Bells. — ^The electric bell is a simple practical ap|)lica- 
tion of the magnetic effect of an electric cnrx'ent : the construction 

and mode of action of such a bell 
are as follows : — -In Fig. 44-4 M is 
an electromagnet excited by the 
current from a battery B when the 
button of the switch A is pressed 
inwards so that contact is made 
between two small metal plates in 
it. The current flows through a 
spring H which is normally in con- 
tact with an adjustable contact S, 
and then through the coils of the 
electromagnet back to the battery. 
Attached to the spring H there is 
a piece of soft iron which is 
attracted to M when the current is 
established. If the contact between 
H and S has been properly ad- 
justed this contact is broken when 
the soft iron moves towards M and 
the current ceases. The magnet is 
no longer excited, H moves back 
to its normal position, and the 
whole process is repeated. Attached 
to H is 'a hammer D which strikes 
the gong Cand continues to vibrate 

^ ... . -r. until the pressure on A is released. 

Fia. 44*4.— Electric Bell 

Circuit. Telegraphy. — Fig. 44*5 shows 

in simple form the equipment at 
two stations between which signals have to be sent. It will be 
noticed that the equipment is the same at each station and that 
the stations are connected by a wire or ‘Mine.’’ Until 1837 a 
return wire was used to enable the current to return to the sending 
station, but in that year Stbinheil (Munich) discovered that the 
earth was sufficiently conductmg to be used for that purpose. 
The apparatus consists of a Morse key ACD movable about a 
horizontal axis through C. Normally there is contact between A 
and a metal stud F, but this contact is destroyed when D is de- 
pfessed to make contact with H. M is an eleotromagnet and the 
current is supplied from a battery B. G is a galvanometer to 
indicate to the observer that a current is passing along the line L. 
When contact is made between D and H the eleotromagnet at the 
sending station is not in action, but the electromagnet M' is excited. 
This pulls downwards a piece of iron — ^the armature. S' is 
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attached to a lever carrying an inked wheel When M' is 
excited, i.e. signals are coming in jfrom the sending station, a 
narrow piece of paper is made to move automatically below the 
wheel W'. The speed at which this moves is regulated so that 
if D is pressed down for a short time a dot is registered. If D 
is held down for a longer time the wheel makes a dash. A pre- 
arranged code of dots and dashes enables a message to be sent. 



If signals were sent over a long distance with the aid of an 
apparatus similar to that just described they would be so feeble 
when they arrived at the second station that the instruments there 
would not respond to them. This necessitates the use at the 
receiving station of a relay which consists of an electromagnet, 
the armature being delicately adjusted. The feeble signals cause 
this armature to move and close a local circuit in which the 
current is so strong that the receiving Morse instrument indicates 
the arrival of the signals. 

Magnetic Shells of Uniform Strength. — When a thin sheet 
of magnetizable substance of uniform thickness is magnetized in 
a direction perpendicular to the surface of the sheet we have what 
is termed a magnetic shell. It is now necessary for us to investi- 
gate the properties of such a shell since its magnetic effects are 
equivalent to those of a current of certain strength flowing in an 
electric circuit coinciding with the periphery of the shell. Although 
such shells do not actually exist they are a means of correlating the 
phenomena of electric currents and magnetism. 

The strength, of a uniformly magnetized shell is defined as 
fts magnetic moment per unit area. Thus 

_ ma gnetic moment __ intensity of magnetiza tion (I) X volume 

™ A area'''. : 

= B, where t is the thickness of the shell. 
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Magnetic Potential due to a Magnetic Shell at an External 
Point.— Just as the electric potential at a point in an electric field 
is defined as the work done against the field per unit positive 
charge in bringing up a small positive charge from infinity to that 
point, so is the magnetic potential at a point in a magnetic field 
defined as the work done against the field per unit positive pole 
in bringing up from infinity a small positive pole to that point. 



Fia. 44-6.— Magnetic Potential due to a TJnifonnly Magnetized Shell. 


Hence, by an argument similar to that given on p. 601, the magnetic 
potential due to a magnetic pole of strength m at distance r from 

it is — Let P, Fig. 44-6 (a), be a point at a distance r from the 
r 

centre of a small element ABCD of a uniform magnetic shell RS ; 
let e be the angle made by r with the axis of magnetization of 
the element and let As be the area of each face of the element. 
Then the amount of magnetism on each face is numerically equal 
to I .;ds =Am [say]. The magnetic potential at P, a point on 
the positive side of the shell, due to the charge on AB, is 

— ^ • that due to the charge on CD is — — r4^^-r2, where 
r — i cos 6 »• + i cos 0 


r — ilcosS 

21 5= tf the thickness of the shell. 


zlVp 


= Zl m - 

T 


J__ 

I cos 0 


y + ? cos 0 


where zl Vp is the contribution to the magnetic potential at P, due 
to the charges considered. Since Z/r— >0, we have, 

Jm.2Zcos0 BcosS. 

^Vp= 

_ , cos 0 
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But As \ coBd/r^ ^ Aa>, where Am is the solid angle subtended by 
the element of the shell at P. Hence 

JVp = <f> .Am, 

Since this, is true for each element of the shell, we have, 

Vp = ^oo, 

where Vp is the magnetic potential at P, and m is the solid angle 
subtended by the shell at P. 

Suppose now that we require the magnetic potential, Vq, at Q, 
a point on the negative side of the shell. Then from Fig. 44’6 (6), 
as before, 

J Vq = JmF -_i-— _ - — 

+ 2 COS (jr — 6) f — Tcos (:7i: — " 6)J 


4. 


r + I cos (jr — 6) 
As . cos 6 


I cos (n — 9) _ 
[as before] 


Now 


Ao) — "" 9) __ As . cos 9 


and 


^ .Ztm, 

rQ=— ^.a>. 


/1Vq = 

Vq 

The meaning of this equation is that if we approach the shell 
from an infinite distance on its negative side, the work done against 
the field per unit positive pole is — ' 

Equivalent Magnetic Shells, — Let us assume that a current 
i is fl.owing in a circuit S, Fig, 44*7. Let us imagine that this has 
been replaced by the network shown and that a current i is flowing 
round each mesh such as the one shown shaded in the same 
direction as the original cimrent. We 
are justified in this for each line 
separating two adjacent elements is 
traversed by equal currents in contrary 
directions so that any magnetic effect 
due to one is neutralized by the other, 
and it is only where the elements 
touch the periphery that the effects 
are not neutralized in this way . Hence 
the effect of all the elementary currents 
is the same as that of the current in the 
original circuit. 

Now experiment shows that at distances from such elements great 
compared with their linear dimensions the magnetic effect is the 
same as that of a suitably chosen magnetic shell whose boundary 
coincides with that of the element. Since every closed circuit may 
be conceived as made up of contiguous elements as above it follows 
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that ill as fat as its magnstio ©ffeots are concerned every closed circuit 
may be replaced by an equivalent magnetic shell [provided that 
the point where the field is considered does not lie inside the shell]. 

The Electromagnetic Unit of Current,— When the magnitude 
of the current flowing in a closed circuit is numerically equal to 
the strength of its equivalent magnetic shell, that number represents 
the magnitude of the current in electromlignetic units. Hence 
the uniiE.M. current is that which, when flowing in a closed 
circuit, may be replaced by an equivalent magnetic shell of 
strength unity. 

Work done in Carrying a Unit Positive Magnetic Pole round 
a Closed Circuit.— Let ABC, Fig, 44-8, be a circuit carr 3 dng a current 
f E.M.U. This circuit maybereplaced by any uniform magnetic shell 
[^=3si] whose boundary coincides with that of the circuit, in so far as 

themagnetic field outside the 
region not occupied by the 
shell is concerned. Let AJDB 
be such a shell. Consider 
two points Pi and P# very 
close to the magnetic shell, 
but on opposite sides of it. 
We shall assume that Pj is 
on the positive side of the 
shell. Then the magnetic 
potential at Pi is pcoi, where 
<p is the strength of the shell, 
and £t)i the solid angle sub- 
tended by the boundary of 
the shell at Pi, At P 2 the 
potential is — Hence 

the work done per unit positive polo in taking a small positive pole 
from Pa to Pi by a path not cutting the shell is 

9?cai — (“^caa) » 9?((nv + twa). 

In the limit when, the shell is infinitely thin, its strength remaining 
equal to ip, however, the points Pi and Pa practically coincide, 

Oi -1- caa — 4^1. 

Hence the work done is 

[It should be noted that if the magnetic pole is moved from Pi to 
Pa by a path not intersecting the shell, the work is done by the field.] 
If we now pass from Pi to P 2 through the shell, the direction of the 
field is reversed and the work done per pole unit is — inq). It is not 
necessary to establish this analytically, for the magnetic potential at 
a point due to a shell must be single-valued, so that the total work 
done when the path is completely closed is zero. Otherwise useful 
work could be obtained by allowing a magnetic pole to move round 
a closed path drawn in a magnetic field ; this is contrary to experience. 
When we are dealing with the work done in threading a closed 
circuit, however, there is no actual shell present, and the work done 
in passing from P^ to Pa to complete the path is zero. Under these 
circumstances, the work done on a unit positive magnetic pole in 
passing from Pa to Pa via P^, i.e. in completely threading the circuit, 
is 4:ng> im. 
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In this instance the magnetic potential at a point will be a mnlti'- 
valued function, i.e. its potential may be any of a series whose values 
differ by multiples of 4 m. This is not contrary to the principle of the 
conservation of energy, for a current is not a static effect, and the 
circuit is not in the same condition as it was initially, when it has 
been threaded by a magnetic pole. 

The Magnetic Field due to a Circular Current at a Point 
on its Axis* — Let P, Fig. 44*9 (a), be the point considered. Let i 
be the current in electromagnetic units, and r the radius of the 
circle. The magnetic potential at P is therefore .io), where co is the 
solid angle subtended at P by the boundary of the circle. Now 
the solid angle co is formed by the revolution of the diagram about 



the axis OP. It is defined as the area of the spherical cap ABC, 
Fig. 44-9 (6), divided by the square of the distance BP. Let 
BP = a. Hence 

2^^(1—008 0 ) f a; “] 

• 

The magnetic intensity at P is — ^ or intensity, 

F, at 0 is found by putting a; = 0 in the above. We have F == 

If there were n turns of wire the magnetic field at 0 would be 
increased ?^-fold, i.e. F = 

r 

The Magnetic Field due to a Linear Current. — Let P, Fig. 
44*10, be a point at distance r from an infinite wire carrjnng a cur- 
rent L Let this current flow downwards. The return wire may be 
considered as B at infinity. The equivalent magnetic shell in this 

instance is one half of an infinite plane. If 0 is the APB, the solid 
angle subtended at P by the plane is 20 since 20 is the area of a 
unit sphere whoso centre is P cut off by planes PA and PB normal 
to the paper. The section of the sphere by these planes is like a 
section of an orange. Since the surface area of a hemisphere of unit 
radius is 25T and n is the angle subtended at its centre by its curved 




y 
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surface, it follows that the solid angle is 20 in the present instance 
since a hemisphere may be considered as a number of congruent 

sections side by side. The mag- 
netic potential at P is 2i9 = V. 

The magnetic intensity at P is 
1 

-TTr, since r , d6 is the element of 

r do 

length at P in the direction of 0 in- 
2i 

creasing. This is — y [indicated by 

dotted arrow at P]. Hence the lines 
of magnetic force are circles. The 

actual direction of this intensity is 
Fia. 44:* 11.— Combined Magnetic arrow 

Field due to a Vertical Linear tuU-Une arrow 

Currctit and H. The above argument is only true 

when the earth’s field is absent. 
When the earth’s field is present the lines of force are distorted as 
in Mg. 44*11. If H is the strength of the earth’s horizontal field 
and r the distance of the neutral point from the wire, we have 
2i 

H =« , so that i may he determined. Its value will be in electro- 

f 



4 




magnetic units of current. 

^ Biot and Savart's Experiment —The manner in which the 
magnetic field due to a long vertical straight wire carrjdng a current 
varies with the distance r &om 
the wire may be examined ex- 
perimentally with the aid of a 
vibration magnetometer. This 
was originally done by Biot 
and SAViJaT. Suppose that 
A, Fig. 44*12, is a section of 
the wire, the current flowing 
towards the observer. Suppose that the centre of the magneto- 
meter needle is directly e^st of the wire, and at a point P distance 
from it. Let Ej be the field due to the current at this point. 
Then the total horizontal .field at P is if H is the intensity 

of the earth’s horizontal field. 


Fig. 44* 12.— ‘Biot and Savart’s 
Experiment. 
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Suppose that the magnetic needle executes tIo oscillations per 
second when there is no current in the wire. Then 


Wo ~ MH’ ” ~ 


fim 

no A,/ MJ±' '' 27t\J I ' 

where M is the magnetic moment of the magnet and I its moment 
of inertia about the axis of rotation. When there is a current 
in the wire, let be the number of oscillations per second. Then 


M(Ei + H) 


Similariy, at a point at distance 

„_1 /M(F, + H) 

I 


. h 

" F, 


^2^ — 


Experimentally it is found that 


!> 


. El 

i.e. the magnetic field at a point due to the linear current varies 
inversely as the distance of that point j5*om the conductor. 

Maxwell's Experimental Proof. — ^Maxwell suggested that the 
following experiment might be used 
to show that the magnetic field at 
a point due to a long straight cur- 
rent was inversely proportional to 
the distance of the point from the 
wire. The apparatus consists of a 
cardboard ring A, Fig. 44*13, sup- 
ported by three equal strings so 
that it is free to rotate in a hori- 
zontal plane. Suppose that B is 
the wire carrying the current. Let 
NS be a magnet placed on the 
cardboard so that it lies in the 
magnetic meridian with its north- 
seeking and south-seeking poles at 
distances and respectively firom 

the wire. C is a non-magnetic Fm. 44a3.— Maxwell’s Appara- 
counterpoise. Let F, and be investigating the 

the forces due to the current xn B Veitical Linear Current. 
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on unit positive poles placed at distances and r 2 from the wire. 

Then the forces on the magnet, due to the current in B, are 
and — p 2 ^. The moment of these forces about the axis of sus- 
pension is 

Fimri — 

Experiment shows that there is no tendency for the system to 
rotate. Hence 

Fifi — Egfa = 0, 



or the magnetic field varies inversely as the distance from the wire, 
[It is not necessary for the wire to pass through the centre of 
the ring— why ?] 

Magnetic Field inside a Long Straight Solenoid wound 
Uniformly.—- Consider such a solenoid having turns per unit 
length. Let i be the current in E.M.U. Then each turn of the 


ABCD 



Fig. 44 * 14 .— Magnetic Field inside a Long Straight Solenoid wound Uniformly. 

wire and the current in it may be replaced by its equivalent mag- 
netic shell. Let us assume that these shells are normal to the 
axis of the solenoid, and that opposing faces of adjacent shells are 
very close together. Some such shells are shown in Fig. 44’ 14 (a). 
The strength of these equivalent shells is i, i.e. the magnetic moment* 
per unit area of a face is i. The magnetic moment of a shell is 

therefore mH, But the thickness of the shell is 

n 

, 1 ■ 

pole strength ~ ± 7iaH 4 - ~ = J- nmtH, 

Let a be the surface density of the distribution of magnetism 
on the faces of the equivalent shell. Then 

■ . ..'O' == 

Consider a point P near the centre of the solenoid and in the 
space between two adjacent shells. Since the distance between 
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these faces is small, the intensity, H, at P is kfiQ ^ ' 

[This value for the intensity is obtained by applying Gauss’s 
theorem, or from analogy with a plate condenser.] 

If the point considered is Q, inside the volume occupied by one of 
the above shells, let us suppose that that particular shell is divided 

into two parts of thickness ~ and (~~) respectively, where 

0 < <1. If these are AB and CD, as in Fig. 44*14 (6), the current 

replaced by AB is while that replaced by CD is (1 — 

The magnetic moment of AB is ,na^ 

pole strength = ± = ±nma^ 

n 

Hence cr is as before. 

Since u has the same value for CD, we have 
H — 4:7ini. 

[The last part of the above argument may be replaced by the follow- 
ing : let the faces of the shells be curved so that Q lies m the space 
between two shells. Then, by applying Gauss’s theorem, 

H ~ 4:7tni 

as before.] * 

An Astatic Galvanometer. — *To detect a small current an 
astatic galvanometer may bo used. Its principle of action is as 
follows. We have seen that a magnet 
tends to set itself with its axis in the 
magnetic meridian. If two equal magnets 
are arranged one above the other but with 
unlike poles pointing in the same direction, 
the resultant magnetic moment will be zero, 
so that the system will assume a position 
of rest independent of the earth’s mag- 
netic field. Since it is impossible to make 
and maintain two majenets o f equa l 
moment, it fcHows that eyejy pajr of so- 
oaUod ‘‘ astatic ’’ inagnets will experience 
a slight ' control due - to the earth’s rdag- 
nefic field. [Hence iFis advisable to place 
the instrument so that the plane of its 
coils lies in the magnetic* meridian.] If, 
however, several turns of wire pass round 
the lower needle, as in Fig. 44*15, then 
when a current passes through the coils 
there will be greater magnetic forces on 
the lower magnet than on the upper one so that it wifi be 
deflected. The amount of deflexion is a measure of the current. 
Such instruments are practically only used to detect and not to 






Fig. 44*15. — Astatic 
G-alvanometer. 
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measure small cuiTeuts so that they are really astatic galvano- 
soopes. Frequently these effects are multiplied by arranging a 
coil round the upper magnet. The direction of the current in the 
upper coil must be different from that in the lower so that the 
system shall experience forces tending to urge it in one direction. 
A mirror, or an aluminium needle, rigidly attached to the suspended 
system enables the deflexions to be measured. 

The Tangent Galvanometer.— Before attempting the theory 
of this instrument the following experiments should be performed 
A circular coil is placed with its plane at right angles to the magnetic 



Fio. 44* 16. — ^Frinciple of a Tangent Galvanometer. 

meridian and the resultant field due to the earth’s horizontal 
component and the current in the coil mapped with the aid of a 
small compass needle. A diagram similar to Fig. 44-16 (a) will be 
obtained if the magnetic field due to the current is in the direction 
of H. If, on the other hand, the coil is placed in the meridian 
and the resultant field mapped again a diagram similar to Fig. 
44*16 (b) wiU be obtained. This, unlike the first, is not symmetrical 
about the plane of the coil. If, therefore, a small magnetized 
needle is placed at the centre of the coil it will only be deflected 
in the second instance. Let us see how this deflexion enables us 
to measure a current. 

Let m be the pole-strength of the magnet of length 2A, while 
H and F are respectively the horizontal component of the earth’s 
field and the field due to the current i. If there are n turns and 

f is the radius of each coil, then F = In the position of 

equilibrium the moments of the two couples on the magnet must 
be equal, i.e. X 
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Hence F = H tan 0. Substituting in this expression the value of 
F, we have 

^ ^ — tan 0. 

ZTcn 

This may be written i^h tan S^ where h is cahed the reduction 
factor of the instrument for the particular number of turns 
employed. This factor is not a constant since it contains H, 4^hich 
varies from place to place. 1 


The reciprocal of 


is denoted by G — ^it is termed the 


galvanometer constant. Hence 

. H^ , 

% = g tan 0. 

The Sine Galvanometer. — ^This differs from the tangent 
galvanometer just described in that • 

the coil itself can be rotated 
about a vertical axis through its 
centre. In using the instrument | 

the coil is placed in the mag- . j 4 

netic meridian and when a current J.L 

flows through the coil it is rotated ^ --y 

until the plane of the coil contains \ 
the needle. When this occurs the 
field of force due to the current 
is at right angles to the needle. 

The couples on the needle are \ 

indicated in Fig. 44*17. Forequili- * \ A- 

brium we hay© / } T 

sin 0 

Le. F = H sin 0. } 

Inserting in this equation the a 

fH 

value of F, we have i — . sin 0. Fia. 44-17.— Principle of a Sine 

ZTtn Galvanometer. 

Since sin 0 cannot exceed unity, 

the maximum current which may be measured with a sine gal- 

■ . rH 
vanometeriSH — • 

ZTtn 

The Sensitivity of a Tangent Galvanometer. — ^To determine 
the position on the scale where the readings will be least liable to 
error, let /1 0 be a small change in 0 corresponding to an increment 
/li in the current. error of reading the instrument will be a 

' .. ''v' ' ' Ai ' 

nnnimum when -r the relative change ^ m the current, is also a 


1 i 


i t 


' 

li ! 


Vi i 
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imBimum. Since i 


’ ktsund^ S 0 C* 0 , so that 


M 

i 


sec^ $ 
' tan 6 


.AB 


sin 20 


.AB. 


This expression is a mmiminn when sin 20 is a maximuin, i.e. B « 46®* 
The Helmholtz System of Galvanometer Coils.— -It has been 
proved above that the magnetic intensity at a point on the axis of 
a circular coil carrying a current is given by the relation 
» ^ 2mr* 


(r* 4* 

If the coil has n turns of wire, the above expression becomes 
„ 2nmr^ a - , 

^ ~ {y* 4* 

' ' ■ dF 


(y® 4- a?®)® 

The rate at which this field changes with a; is given hy which, 

for convenience, may be called y* It is important to find whether 
there is any region over which the above rate of change is constant, 
for, if this is so, by superimposing two fields due to currents in equal 
circular coils it should be possible to obtain a uniform magnetic field 

' ■ dF , . 

over a considerable area. If the rate of change of ^ is constant, 


Lififerentiating the expression for E with respect 
d 




3aa;{f® 4- »*)“ 


dy 

then 3 “ will be zero. 
dx 

to a?, we obtain ^ 

Differentiating again, 
tm 
dx* 

This is zero if ^ is constant. Equating the above expression to 


— 3a[(y® 4" — 6a;*(r* 4- x*) 


zero, we have 


dx 


5jr*{y* 4 — 1, 

X = |y . 


The above analysis shows that the rate of change of the field is 
constant at the above position. This fact is utilized in the construc- 
tion of a Helmholtz tangent galvanometer. Such an instrument is 
not very important to-day, but the system of coils finds an important 
application in accurate determinations of H and V, and also in the 
absolute determination of the ohm. The system consists of two coaxial 
coils, each of radius r and comprising the same number of turns on 
each. The distance between the centres of the coils is >, When the 
current through the coils is the same and adjusted so that the north 
pole of one coil faces the south pole of the other, there will be a region 
midway between the coils where the magnetic intensity is uniform, 
for as we move along the axis from the mid-point any diminution in 
the intensity due to one coil is exactly compensated by the increase 

■' ^ y.'' 

in the field due to the other coil 




If X = we have 
16 




yrint 

v'm 
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as the numerical value of the field due to the current in each coil at 
the point considered. Since the coils are arranged so that the actual 
directions of the fields are the same, the total field at the centre of the 
system is double the above, i.e. 

p — 

” Vi25 * 

If the planes of the coils are in the magnetic meridian, and H is 
tlie horizontal component of the earth’s magnetic field, 6 the angle 
of deflexion, F = H tan 0, i.e. 

Vm 

The manner in which the field due to each coil varies and the region 
over which the combined field is uniform is shown in Fig. 44*18. 



Fio. 44*18. — Helmholtz’s System of Coils : Distribution of a Magnetic Field 

along its Axis. 


Experiment »---lLhe maimer in which the field due to a circula:^ 
current varies at points along its axis may be investigated experi- 
mentally by placing a, coil with its axis normal to the magnetic meri&an. 
The intensity at a point on its axis is proportional to the tangent 
of the angular deflexion of a magnetometer needle placed with its centre 
at that point. A graph exhibiting the relation may then be drawn. 

The Schuster Magnetometer.— The most accurate method of 
determinmg the horizontal component of the earth’s magnetic field 
was proposed by Schitstbe in 1914. The actual research was 
carried out by F, E. Smith and completed in 1923. The principle 
of this instrument, which has been termed the Schuster magneto- 
meter, is as follows Two equal coils are arranged at a distance 
apart equal to their common radius as in the Helmholtz galvano- 
meter. A small magnet is suspended by a quartz fibre so that 
its centre is on the axis of the coils and midway between them. 
When a current is sent through the coils in the same direction a 
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magnetic field is produced which is uniform over a considerable 
region in the neighbourhood of the magnet. Suppose that the 
pianes of the coils are normal to the magnetic meridian. Then 
the magnetic field due to the current in them is parallel to the 
direction of H. If the sense of the field is the same as that of H, 
then the magnet remains undeflected for all values of the field 
due to the current. If the current through the coils is reversed, 
the sense of the magnetic field due to it will be opposite to that 
of H. Let E be the field at the centre of the. coil system due to 
unit E.M. current in the coils. If the cnrrent is i, the magnetic 
field is As long as ¥i is less than H, the magnet will continue 
to point to the magnetic north, but when 
-I K exceeds H the magnet swings round 
through 180° so that its north pole now 
points to the south. It continues to do 
this for all values of ^ H. If, how- 
ever, the coil system is rotated through 
a small angle — ^its magnitude depends on 
the difference between Ft and H, so that 
this should be as small as possible- 
then the magnet may be made to set at 
right angles to the meridian. Suppose 
that these conditions have been realized. 

Let NS, Fig. 44-19, be the suspended 
magnet so that when deflected it is at 
right angles to H. Let the normal to 
the plane of the coils make an angle a 
with OK* Let m be the pole strength 
of the magnet and i the current in the 
coils. Then the magnet is in equilibrium 
under the action of the two couples indi- 
cated. Since the moments of these are equal when equilibrium 
has been reached we have 

twH . 2A = mFi . 2A cos a 
if 2A is the length of the magnet. Hence 

H — Fi cosoc. 

The value of the cmrrent was adjusted so that a was small when 
NS was in the desired position. The current was determined by 
‘‘ weighing ” it with the aid of an ampere balance. The coils 
themselves consisted of twelve turns of bare copper wire wound 
on a marble cylinder of radixis 80 cm. The suspended magnet was 
about 1 cm. long and 5 mm.^ in cross-section. This was sup- 
ported by a quarfea fibre 25 . cm. long carr3dng a reflecting mirror 
and damping vane. 



Fig. 44* 19.— Schuster 
Magnetometer. 
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FinaEy H was determined with an error of 3 parts in 10^, the 
actual observations taking 4 minutes. The method is exception- 
ally good since it is rapid and sensitive, and errors such as n^n- 
uniformity of magnetic field, possible magnetic effects of the 
material of the coil supports, and possible electrostatic effects on 
the suspended system were eliminated by paying special attention 
to the design of the magnetometer. 

Bates' Apparatus for the Measurement of the Horizontal 
Component of the Earth's Magnetic Field.— This is an adaptation 
of the Schuster-Smith magnetometer for student use. In the original 
method two coils were arranged as in a Hehnholz galvanometer to 
produce a uniform magnetic field to deflect a suspended magnet through 

7t 

an angle -g, when the above field made a small angle, a, with H. In 
the present apparatus only one coil was used. 

In order to measure a rotation of -g accurately. Bates used the 
apparatus depicted in Fig. 44-20 (a). It was very satisfactory. The 





Fig. 44-20. — Bates’ Apparatus for the Measurement of H. 

small magnet ns was suspended by a thin fibre of tmspun silk at the 
centre of a vertical coil of wire AB. The normal to the plane of this 
coil must make a small angle a with the axis of ns in its undeflected 
position. A small plane mirror, M, was attached below this magnet, 
so that the plane of the mirror made an angle of about 45° with the 
axis of the magnet. Two plumb lines were placed at X and Y , so that 
they were in a vertical plane containing the fibre. [It is not essential 
for XY to be perpeMicular to ws.] For convenience, two sheets of 
white cardboard, C and D,« were placed behind the plumb lines as 
indicated. 

Let us suppose that the light from an illuminated slit S, after travers- 
ing the convex lens L, was reflected from M and that the lens was so 
adjusted that an image of the slit was produced on C. By suitably 
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adjusting the positions of S and L, this image was caused to produce 
a shadow of X which bisected the image. If now the magnet rotated 

through the beam of light reflected by M turned through and 

the image of S was now bisected by the shadow of Y produced by 
it. The line XY need not be normal to the magnetic meridian, 
in fact, it must be chosen so that AB does not interfere with the 
light. 

A simple form of apparatus which has been foimd suitable for rapid 
work is shown in Fig. 44-20 (6). The magnet system is suspended 
from a torsion head fixed in a brass holder, so that the magnet lies at 
the centre of the coil. The torsion head is not necessary if a very 
long thin fibre and a strong magnet are used. A stop is provided so 
that the system may not turn through an angle greater than n. The 
arrangement of the lamp and plumb lines is clearly shown in the 
diagram. A box with windows, for shielding the system from draughts, 
is not shown. 

In order to prepare the apparatus for use, the magnet must be 
removed from the brass tube holding it, and the torsion head turned 
until the tube above sets approximately along the magnetic meridian, 
and perpendicular to the plane of the coil. The magnet is then re- 
placed, and a small current passed through the coil. In general, the 
magnet will be deflected, and the whole apparatus must be rotated 
until a position is found where no deflexion is produced. The plane 
of the coil is then at right angles to the magnetic meridian, and 
the small current merely serves to assist or reduce the effect of 
the horizontal component of the earth’s magnetic field upon the 
magnet. 

The whole apparatus is then rotated, say, anticlockwise, so that the 
coil moves through a small angle a about a vertical diameter. To 
measure this angle, a metre scale Z is suitably attached to the base 
of the apparatus. The ends of this rod lie immediately above graph 
paper. The distances through which the ends of the rod move when 
the apparatus is rotated are recorded. If these are di and respec- 
tively; then a is equal to (dj + d 2)/100 radians. 

The lamp, etc., are then adjusted so that the light reflected from 
the mirror falls upon X. A omTent, measured by a potentiometer 
method, is passed through the coil and gradually increased until the 
light falls on Y. If the torsion in the fibre is large the torsion head 

7t 

should be rotated through •g in such a direction that the twist in the 
suspension is reduced to zero. More accurately, the rotation should 
be -f os^. We then have 
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^ "" lOa 


cos a. 


where i is the current in amperes, n the number of turns of wire in 
the coil, and a the radius of the coil, 

is the F of the previous section, a^d we see that F has dimen- 


sions 
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The Mechanical Force on Currents in a Magnetic Field.-— 
Since when a magnet is introduced into a magnetic field it experi- 
ences mechanical forces, the fact that a current m a closed circuit 
is equivalent to a magnetic shell naturally causes us to expect that 
when a conductor carrying a current is introduced into a magnetic 
field it will experience a mechanical force. 

The following experiment, due to Fabaday 
( 1822), shows the existence of this mechanical 
force. A, Fig. 44*21, is a glass tube provided 
with a close fitting cork C through which 
passes a cobalt steel magnet ISTS. The cork is 
covered with mercury. X is a piece of copper 
wire free to rotate about a pivot P connected 
to one pole of a battery B. The lower end of 
the wire X dips into the mercury. The other 
electrode of B is connected to the mercury by a 
wire passing through 0. Under these con- 
ditions a current passes down the wire X as 
indicated and this wiU be found to rotate in a 
clockwise direction as seen from above. If 
the cmxent is reversed, the wire will move 
with the same angular velocity in the oppo- 
site direction. 

It has been shown that the magnetic intensity at a point P 
at a distance r from a straight wire carrying a current i is 2i/r, 

If a magnetic pole of 
Ci/ppent strength m is placed at P 

it will experience a force 
2im/r in the direction 
indicated in Fig. 44*22, 
Since action and reaction 
are equal and opposite 
^ it follows that in conse- 

quence of this force on^, 
there will be an equal 
and opposite force on the 
Bio. 44*22. wire. Its direction is 

shown in the diagram. 

From the above it will be seen that the direction of the force 
on a conductor carrying a current in a magnetic field is expressed 
by Fleming's Left Hand Rule* According to this, if the thumb 
and first two fingers of the left hand are extended so that they are 
at right angles to one another, and the first finger points in the 


44 * 21 . - 
day’s Experiment 
to show the Mech- 
amical Force on a 
Conductor in a 
Magnetic Field. 


Dinectfon of 
field due to 
iThatF /\ 

Force on Wire = 
^-n 
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directioE of tli6 magnetic field, the second in the direction of the 
cnrxent, then the thumb points in the directioi). of the mechanical 
force on the conductor. This is illustrated in 44*23. 

[Strictly speaking, this rule 
only applies to the particular 
4 iThmb} instance when the wire is in air 

F -lHI between 


\jst finger] 



if 


the directions of i and H is 


Fig. 44 ' 23 .— Fleming’s Left 
Hand Buie. 


/S~j - — j- In other instances the first finger 

^ must point in the direction of 

J/i' that component of H which is 

x\2nd. Fingei\ at right angles to the wire and 

^ , L -.TO. intte plane containing % and H.] 

""mbX® If the length of a straight 

conductor carrying a current % 
[E.M.U.] and H is the intensity of the magnetic field, the magni- 
tude of the force on the wire is given by E = iHZ. 

Barlow^s Wheel. — ^This experiment is another illustration of 
how electrical energy may be converted into mechanical energy as 
in an electric motor and 
also enables one to verify 
Fleming’s left-hand rule. A 
copper wheel, Fig. 44*24, is 
supported on a horizontal 
brass axle as indicated. 

The supports for the axle 

are carried on ebonite pil- J l 

lars. The periphery of the | | ' 

wheel makes contact with M ^ 

a pool of mercury, A, placed \ 

in the wooden base of the ^ L — — — \ 

instrument. A smaller cop- . 

per wheel fixed to the axle 

just dips into another pool ^ 

of mercury, B. These mer- T 

cury pools are connected 

to a battery so that, a cur- 

rent passes from the axle 

to the periphery of the 

wheel. A powerful horse- Fio. 44*24:.-— Barlow’s Wheel, 

shoe magnet is placed so 

that the lines of force are perpendicular to the plane of the 
wheel over a considerable portion of it. When the current is 
passing the wheel rotates in a direction given by Fleming’s Left- 


Fio. 44*24. — Barlow’s Wheel. 
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hand Rule, viz. 'when the current passes from the axle to the 
periphery of the wheel, the motion at A is away from an observer 
to whom the lines of magnetic force run from right to left. 

The Force on a Conductor carrying a Current in a Magnetic 
Field.-— Let P, Fig. 44*25, be a point at distance a from a long straight 
conductor carrying a current L Then the magnetic intensity at P is 
2i ■ 

— [cf. p. 718]. This means that if a unit positive pole is placed at P, 

2i 

it will experience a force ——its direction is indicated. There will 
be an equal and opposite force acting on the wire due to the magnetic 
pole at P. This will be equal to the 
resultant of all the forces acting on 
the different elements of length into 
which the conductor may be supposed 
divided. Let AB be such an element 
of length da, where a is the distance 
of A from O, the projection of P on 
the wire. Then H, the magnetic in- 
tensity at A (the medium is assumed 
to be air), due to the unit pole at P is 

and is directed along PC, where C 

is the mid-point of AB. Let the 
force, dF, on this element be 

H./(0),i.d^, Fia. 

where f(Q) is to be determined. It 
will be assumed that this force is 
parallel to the resultant force on the wire, 
the wire is 

0 



44*25. — Mechamcal Force 
on a Conductor. 

Then the total force on 



‘I- 


J(Q)A,As =F [say]. 


But r® =: a* -f a®, and s — a cot 0, i.e. da = — o cosec* 0 . d0. 
0 

F = — 2 f —z ./{0) . i . a cosec* 0 . d0 

a* cosec* 0 ' 

2 ' 

0 

' 2if 

= -- m.dd 

TT 
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But F — resultant force on wire, viz. 


2i 


I . 
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This is satisfied if f(d) 
Force on element 


= sin 0. 
i sin 


The force on AB is therefore iH sin 0 . As, If the magnetic field 
is uniform and everywhere normal to a wire of length I carrying a 
current % the force on the wire is liK, 

Laplace's Law.— It has just been established that the force on an 
^ a straight c onductor .carrying, a current ijs 

i sin 6 . As 

where r is the distance of the element from a unit ma^otic positive 
pole. Since action and reaction are equal and opposite » it follows 
that the magnetic intensity at P due to the current in the wire is 

* sin 6 . As 
~7i— • 

This is Laplace’s law. _ . 

If there is a pole of strength m at P, the force on it is 

mi sin 6 . ds. 


> [ '''n 


{©) 


The Mutual Action of Currents. — ^A mpIiee first investigated 
the action between wires carrying cun*ents. We shall limit onr 
discussion to parallel wires. 

He found that when the, 
currents flowed in the same 
(^) direction there was an at- 
traction between them. On 
the other hand, when the 
currents flowed in opposite 
directions there was repul- 
sion. The lines of force in 
a horizontal plane when the 
currents are passing verti- 
cally downwards are given 
in Fig. 44*26 (a). We 
notice that all the lines 
(tubes) of force surround 
both conductors £lnd since 
there is a tension along a 
tube of force these will tend 
to contract and draw the wires together. The corresponding 
field when the currents pass in contrary directions is given in Fig. 
44-26 (i>). In this instance no tube of force surrounds both con- 
ductors and since the tubes are more crowded together in the 
region between the wires, these will be pushed aside in virtue of 
the lateral thrust which exists along a tube of force. 




(b) 


FlO. 44‘26. — Lines of Force due to 
Currents in Parallel Wires. 
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Experimental Illustrations. — ^In Kg. 44*27 there is represented 
a long coil of copper wire about 6 cm. in diameter. Its upper end 
rests in mercury while its lower end just touches some mercury in 
a second container insulated from the first. When a current is 
passed through the coil the mutual attractions between its various 
turns causes the coil to contract : the current is broken and the 
coil expands, thereby completing the circuit again. The process 
is then repeated. 

Fig. 44*28 indicates a fixed coil A and a movable one B. The two 
coils are not in the same plane. When a current passes through 
each coil attraction ensues if the currents in the adjacent sides pass 




Fig. 44 - 28 . 


in the same direction. There is repulsion when one of the currents 
is reversed. 

Kg. 44*29 (a) depicts a coil of wire [a solenoid] attached to a piece 
of wood so that it shall be rigid. Its two ends dip into mercury 
cups so that the coil is free to rotate about a vertical axis. By 
making contact between the cups and a battery a current may be 
passed through the solenoid. I^t us assume that when an observer 
looks along the coil in the direction SN, the current appears to 
flow in a clockwise direction. The magnetic field at that end wiU 
possess south-seeking polarity. An aid for memorizing this is shown 
in Fig. 44*29 (6). The end S of the coil will therefore be attracted 
by the north-seeking pole of another magnet. It will also be 
attracted by another solenoid if the cun*ent in the latter flows in 
the appropriate direction. 
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Suspended Coil.— The problem of determining the forces on 
a rectangular coil suspended in a maghetic field is very important 
since upon its solution depends the principle of many current 
jneasuring Jnstrumsirte., Let ABCD, Fig. 44-30, be a fixed rect- 
angularcoU o3f length I and breadth b placed in a magnetic field 
of strength H, the direction of the field always being in the plane 

of the coil. [This field is a radial 
one — it is obtained by using the 
system shown in Fig. 44-32 (6).] If 
the current flows in the direction 




Fig. 44*30.—Couple on a Rect- Fig. 44*31.— Coupi© on a Ilectangular 
angular Coil carrying a Current in Coil carrying a Current in a Uniform 
a Radial Magnetic Field. Magnetic Field. 

indicated each vertical side of the wire will experience a force iffi 
acting in the directions shown. These constitute a couple whose 
moment is iRl . 6 = mH, where a is the area of the coil. 

If the coil is made of n turns of wire each with an area a, the 
moment becomes n . iaH = tAH, where A = na, the effective area 
of the con. 

Now suppose that bhe coil is suspended in a uniform magnetic 
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field parallel to the zero position of the coil — see Fig. 44-3L If 
the coil is deflected through an angle 0, each force ilELl is inclined 


to the plane of the coil at an angle 


(i-). 


The couple is there- 


fore mi .b cos d. If there are n turns of wire, the couple is 
tHA cos 6, where A = nib. For equilibrium 
^AH cos 6 = c0, 

where c is the restoring couple due to the suspension when the 
twist in it is one radian. 



Fig, 44- 32.— Suspended Coil Galvanometer. 

The Suspended Coil Galvanometer.— This is a most reliable 
and sensitive instrument for detecting electric currents. A narrow 
coll, Fig. 44-32 (a), consisting of many turns of wire (only the 
frame on which these are wound is shown) is suspended from a 
movable head by a fine phosphor bronze wire between the poles 
of a strong magnet. When a current flows through the coil forces 
act in contrary directions on the opposite sides of the coil, i.e. a 
couple acts on the coil which rotates until the twist in the suspen- 
sion produces an equal and opposite couple. To make the couple 
acting on the coil as large as possible for a given current the coil 
must consist of many turns of wire and be placed in a strong 
magnetic field. To increase the d^^ the suspension is made 
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very fine so that the torsional couple per unit angular displace- 
ment is small. In order to concentrate the field and arrange that 
it is always parallel to the plane of the coil for all positions of the 
latter not far remoTed from its position of rest a cylindrical piece 
of soft iron is fixed midway between the poles of the magnet. 
The current enters the coil through the suspension and leaves 
through a very fine spiral below the coil. This spiral is made of 
very fine wire and consists of several relatively large turns so that 
it shall exert only a small restoring couple on the coil. A mirror 
rigidly attached to the framework of the coil or to the lower and 
thicker portion of the suspending wire— there must be no relative 
motion between the mirror and the coil— enables any small deflexion 
to be measured. Let us assume that 6 is the angle of deflexion 
and that c is the couple hi the wire due to unit (radian) difference 
of twist between its ends. Then cd is the couple in the present 
instance. But we have seen that the moment of the forces on the 
coil is iAH. When equilibrium has been attained this must equal 
the couple due to the twist in the suspension, i.e. 

/ c6 

iAH = c6, or i == jg. 

Dead Beat and Ballistic Galvanometers. — The theory given 
above applies only to steady currents. In moving-coil galvano- 
meters designed to measure only steady currents the coil is wound 
on a metal frame (copper) : this is highly damped, i.e. it is very 
quickly brought to rest, when it moves in a strong magnetic field 
[of. p. 829] and the instrument is dead-beat » If, however, the 
coil is wound on a celluloid or a cane frame, the instrument is not 
dead-beat finless the external resistance is less than a certain 
critical value — ^it is ballistic, i.e. it does not attain its final position 
at once but oscillates about it, the amplitude of the oscillations 
gradually decreasing. Although it may still be used to measure 
a steady current, its real value lies in the fact that it can detect 
transient currents, i.e. currents which exist for a short but finite 
time. It actually measures the quantity of electricity which passes 
through the coils, e.g. the discharge from a condenser. In order 
to do this an essential feature of a ballistic galvanometer is that 
the moving system shall not have moved from its zero position 
before the whole of the quantity to be measured has passed. To 
ensure this the moment of inertia of the system about its axis of 
suspension must be as large as possible, i.e. the time of swing 
must be large. Also, the couple tending to restore the system 
to its equilibrium position when it is displaced must be as small 
as possible. 

Thus if a condenser is charged and then discharged , through a 
ballistic galvanometer, the system will move in the above manner 


ELEOTEODYNAMICS 


737 


owing to the impulse it has received due to the passage of a quantity 
of eleotricity through it. It may be shown that the magnitude of 
the first swing outwards [the deflexion of the galvanometer, its 
‘‘throw'' or “kick"] is proportional to this quantity of elec- 
tricity (Q). 

Kelvin's Moving Magnet Galvanometer.— In principle a 
moving magnet galvanometer is a tangent galvanometer, only it 
is much more sensitive. The formula for a tangent galvanometer is 

. . 

= r — tan0. 

27CW 





From this it appears that in order to measure a smaE current, 
f must be smaU, and w large, for under 
these conditions 6 becomes larger. It is 
impossible, however, to make r small 
and at the same time have a large 
number of turns unless the diameter of 
the wire is very smaU. This increases 
the resistance of the instrument, a con- 
dition not always desirable. Hence, in 
practice, a compromise must be effected, 

A type of moving magnet galvanometer 
designed by Kelvin is shown in Fig. 

44*33. It uses fixed coEs and a moving 
system of magnets, the axis of the coils 
being normal to that of the magnet sys- 
tem. The magnet system is an astatic 
one : this is used so that the restoring 
couple on the system shall be small — ^an 
essential condition if great sensitivity is 
to be obtained. The highest sensitivity 
is obtained by adjusting a controlling 

magnet so that the magnet system lies in a field which is small 
but not quite uniform. This last condition is only necessary if 
the system is perfectly astatic — yqtj seldom if ever obtained in 
practice. AB is an aluminium or glass rod suspended by a quartz 
or sEk fibre. The magnets are such that their planes are accurately 
paralel, but their polarities are reversed. 

The coEs carrying the current are wound in contrary directions 
SO that the couples on the upper and lower magnets assist each 
other. 

These galvanometers are considerably affected by stray non- 
uniform magnetic fields, so that they are generaUy screened by an 
iron shield cyEndrical in shape and surrounding the instrument. 

Kelvin galvanometers may be used to measure either transient 

■' xjf. nn 


Fig. 44*33. — ^Moving Mag- 
net Ballistic Galvano- 
meter. 
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or steady ouiTents, the deflexion being noted with ;the aid of a 
niirror rigidly attached to the magnet system. 

Very often each magnet is replaced by a system of three short 
magnets ; in this way the moment of inertia of the system about 
its #i8 of rotation is reduced while the effectiye pole strengths 
are' Increased. Both these conditions are desirable. 


/ Comparison of the Moving 
Galvanometers. — 

Moving Magioei Type 

(i) May be used to measure 
transient oxirrents as well as steady 
currents. 

(ii) The system is always bal- 
listic. 

(iii) H is varied by means of a 
control magnet fixed to the instru- 
ment. The field due to this 
magnet is generally arranged so 
that the horizontal component of 
the earth’s magnetic field is di- 
minished : the instrument is then 
more sensitive. 

(iv) The motion is not affected 
by short circuiting the coils. 


(v) When used to measure the 
chaise on a condenser the throw 
is independent of the resistance in 
the circuit — ^xmiess the resistance 
exceeds 10* ohms when the rate 
at which the discharge takes place 
is slowed down and the magnet 
moves before the discharge is 
completed. 

(vi) When measuring the charge 
induced in a coil it must he re- 
membered that the charge is in- 
versely proportional to the resist- 
ance, of the circuit, so that the 
galvanometer throw also varies in 
the same way. This is only true 
providing that the resistance is not 
so large that the time for the dis- 
charge to take place becomes 
appreciable in comparison with 
the period of the galvanometer. 


Magnet and Suspended Coil 

Suspended Coil Type 

May be used to measure tran- 
sient currents as well as steady 
cxirrents. 

The system is ballistic if the 
frame on which the coil is wound 
is made of ivory, cane, etc. 

H is fixed. 


The system may be brought 
very quickly to rest by short 
circuiting the coils, for this then 
forms part of a closed circuit 
moving in a very strong magnetio 
field, and the motion is retarded by 
the effects of the induced E.M.F. 

When used to measure the 
charge on a condenser the throw 
is independent of the resistance in 
the circuit— imless the resistance 
exceeds 10* ohms when the rate 
at which the disohaige takes place 
is slowed down and the magnet 
moves before the discharge is 
completed. 

The suspended coil galvano- 
meter caimot be used if the resist- 
ance of the circuit is so low that 
the motion of the coil is not 
ballistic. In such instances it is 
necessary to place a resistance in 
series with the galvanometer, and 
of such a value that the motion is 
ballistic. This reduces the quan- 
tity of electricity passing for an 
induced E.M.F. of given magni- 
tude, Moreover, the resistance 
must not be so largo that the time 
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Moving ^ Magnb® Type. 


(vii) The instmment may be 
used in any position with reference 
to the earth’s magnetic field, a 
control magnet efiEecting any de- 
sired orientation of the needle. 

(viii) The time of swing may be 
changed by altering the position 
of the control magnet. 

(ix) The instrument must be 
screened from external variable 
magnetic fields. 

(x) The needle may be brought 
to rest by placing a solenoid near 
the galvanometer. This is con- 
nected to a cell and tapping key* 
The key is momentarily depressed 
when the swing is in such a direc- 
tion that by so d^ing the ampli- 
tude is reduced considerably. 


EXAMPLES XLIV 

1. — Define the absolute and practical units of potential difference 
and current. How is the electrical resistance of an electric circuit 
defined I In what units is it measured ? 

2. “— Indicate how the magnetic intensity due to a linear current may 
be calculated from a consideration of the equivalent magnetic shell. 

3. — 'Describe (a) the Daniell cell, (6) the Leclanch6 cell, and give an 
account of the processes which take place in each when it is in action. 

4. — ^Define tlie electromagnetic unit of current and state what 
relation it bears to the ampere. A circular coil of 10 turns and 10 cm. 
diameter is placed in the magnetic meridian and has a small magnet 
at its centre-. Calculate the current in amperes which will deflect the 
needle 45® if the horizontal component of the eafth’s field is 0*2 gauss. 

5. — What is a imiform magnetic shell ? Define the strength of such 
a shell. 

Derive an expression for the magnetic intensity at a point in the 
middle of a solenoid 40 cm. long and 1cm. in radius, wound with 400 
turns of wire carrying a current of 5 amperes. 

6. — -Derive an expression for the magnetic potential at a point in air 
due to a short bar magnet, and deduce an expression for the magnetic 
potential due to a uniform magnetic shell. Apply this result to cal- 
culate the magnetic intensity at a point due to a linear current of 2 am- 
peres in its neighbourhood. 


Susbbnbed Coil Titfk 

of discharge becomes comparable 
with the period of the instrument. 

The instrument is not affected 
by external magnetic fields of 
ordinary magnitudes. 

The time of swing is fixed. 


No screening is necessary. 


The coil may be brought to rest 
by short circuiting it. 


CHAPTER XLV 

OHM’S LAW AND ITS APPLICATIONS 

The E.M. Unit of Current. — ^We have already defined this 
unit of current and, basing our argument on this definition, shown 
that the magnetic intensity at the centre of a coil of radius r and 

carrying a current t E.M. units is Students who find the 

previous argument difficult may therefore assume this result and 
define the electromagnetic unit of current as fcfllows it is that 
current which, when flowing in a circle of unit radius, pro- 
duces at its centre a magnetic field of strength 2n gauss- 

The Practical Unit of Current.— For many purposes, the 
above unit is too large, so that the practical unit of current is 
defined as one-tenth of the E.M. unit. It is called the ampere- 
Thus, 10 amperes == 1 E.M. unit of current. 

The Electroiliagnetic Unit of Quantity of Electricity.— This 
is defined m the amount of electricity flowing per second 
through a conductor which is carrying a current of one EM- 
unit of current- It is sometimes called a weber. 

The Practical Unit of Quantity of Electricity. — This is termed 
the coulomb or ampere-second, and is the amount of electricity 
flowing per second through a conductor when the current in it is 
one ampere. Thus 10 coulombs = 1 weber. 

The International Ampere.— The ampere already defined is 
the true ampere: to provide a convenient working definition of 
•the practical unit of current the chemical efifects of a current are 
The international ampere is that unvarying current 
which when passed through an aqueous solution of silver 
nitrate deposits silver at the mte of 0*001118 gm. seerK Con- 
sequently, the international coulomb is that amount of electricity 
which wiU deposit Q*001118 gm. of silver from an aqueous silver 
nitrate solution. 

The international arnpere was intended to be equal to the true 
ampere : actually it is 0*025 per cent, smaller. In ordinary 
practice this slight difference is neglected, ^ 
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Electromotive Force and Potential Difference,— We have 
seen that when a copper and a zinc rod are dipped into dilute 
sulphuric acid a ctirrent flows from the copper to the zinc when 
these are connected by a wire. This is because as soon as the plates 
are placed in the acid there is established between them a potential 
difference [P.D.] with respect to the liquid. The copper is positive 
and the zinc negative. The reason for this is that while both metals 
have a tendency to pass into solution and carry positive electricity 
with them, the tendency is greater with zinc. Hence an excess 
of zinc atoms with positive charges — termed ions \i6v a wanderer] 
—pass into the solution and leave the zinc negatively charged. 
The copper, on the other hand, acquires a positive charge. The 
motion of the positive electricity through the cell is due to a chemical 
electromotive force (E.M.F.). Thus, the E.M.P. of a cell acts from 
the zinc to the copper and drives positive electricity to the copper. 
It is in virtue of this E.M.E. that there is established between the 
two metal plates a difference of potential. This potential difference 
does not increase indefinitely since there is only a finite E.M.F. in 
the cell. It only rises until the tendency for positive electricity 
in the cell to move towards the copper under the influence of the 
E.M.E, is neutralized by its tendency to move towards the zinc 
under the influence of the P.D. between the plates. Thus, when 
no current is passing through the cell its E.M.E. is equal to the 
P.D. between its plates. 

An E.M.E. and a P.D. are measured in the same units. 

The E.M. Unit of Potential Difference . — Suppose that A 
and B are two points in a conductor through which a current 
is flowing. Let this current flow for such a time that one 
E.M.XJ. of quantity of electricity passes across each section of 
the wire normal to the lines of flow of the current. Then 
if the energy liberated is one erg, the potential difference 
between A and B is one E.M.U. of potential. 

The Practical Unit of Potential Difference, — ^This is termed 
the volt. If the current flows for such a time that one 
coulomb passes across each section of the conductor normal^ 
to the lines of flow of the current and the energy liberated 
is one joule [the practical unit of energy], the potential 
difference between A and B is one volt. ^ 

Relation between the E,M. and the Practical Units of 
Potential Difference,— If a definite potential difference exists, 
between two points in a conductor, the same amount of energy 
will always be liberated irrespective of the units used to express 
the quantity of electricity and the potential difference. Now 
when one coulomb is transported across each, section of a con- 
ductor between whose ends them is a potential* difference of one 
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volt, the energy liberated is one joule, or 10^ ergs. Since one E.M.TJ. 
of quantity of electricity s 10 coulombs, the energy liberated 
when this quantity of electricity passes each cross-section of the 
aboTe conductor is 10 X 10’ = lO® ergs. But since, when one 
weber is transported across each section of a conductor between 
whose ends there is a potential difference of one E.M.TJ. of potential, 
the work done is one erg, it follows that 

1 volt s 10® E.M.TJ. of potential. 

[Strictly speaking this is the true volt.} 

Ohm's Law. — When a current is flowing through a con- 
ductor the P.D. between its ends divided by the current is 
a constant^ provided that the physical condition of the con- 
ductor does not change. This constant is termed the resistance 
of the conductor. It is measured in true ohms when the potential 
is in true volts and the current in true amperes. 

A conductor has a resistance equal to one E.M. unit of resistance 
if the P.D. between its ends is one E.M. unit of potential when 
the current through it is one E.M. unit of current. Thus 


1 + 10® E.M. units 

rue o m — ^ ampere 10“^ E.M. units 
resistance. » 


= 10® E.M. units of 


The International Ohm. — This is defined as the resistance 
of a column of mercury, at the temperature of melting ice, 
14^4S21 gm. in mass, of constant cross-sectional area, and 
of length 106^300 cm. 

The international ohm was intended to be a practical realiza- 
tion of the true ohm or 10® E.M,IJ. of resistance. Actually it is 
slightly larger. 

The Evaluation of the Ohm. — ^The system of “ practical 
units was devised originally by a committee of the British Associa- 
tion: the value of the true ohm was determined experimentally, 
and standard resistance coils (German-silver) were constructed 
(1863), In 1881 the first International Congress of Electricians 
advocated a redetermination of the ohm in absolute measure : 
moreover, it was agreed to dispense with German-silver wire and 
construct standards of resistance on a plan suggested first by 
Siemens. The so-called “ practical ohm ” was to be the resistance 
of a certain column of pure mercury of definite length and 1 mm.^ 
cross-sectional area. The original “ Siemen's unit was a column 
of mercury one metre long and 1 mm.® in section. This standard 
is now known to he equal to 0*9408 international ohms. 


The International Volt. — ^This is defined as that potential 
difference which, when applied across a resistance of one 
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international ohm, produces a current of one international 
ampere. 

VerMcation of Ohm’s Law.— The verification of Ohm’s law 
for a conductor in the form of a wire may be carried out with the 
apparatus indicated in Pig. 45*1. The ends A and B of the wire 
are connected to the quadrants of an electrometer and a potential 



difference established between its ends by passing a current through 
it* The current is controlled by the sliding resistance D. The 
current is indicated by the tangent galvanometer G removed to a 
distance from the main circuit so that its needle shall not be 
disturbed by stray magnetic fields. To reduce the magnetic effect 
of the current in the leads to the galvanometer on the needle they 
should be very close together — ^preferably a piece of flex should 
be used for these leads. The tangent of 0, the angle of deflexion, 
is proportional to the cuiTent. [Ammeters, etc., may not be used 
in this experiment since their construction depends, at least in 
part, on an application of Ohm’s law.] The deflexion of the electro- 
meter needle is proportional to the potential difference between 
A and B. Hence, if this deflexion divided by tanS is constant, 
Ohm’s law will have been verified. In observing the deflexions 
of the galvanometer needle it is best to read both ends of the 
pointer attached to it and to reverse the current through it. 

If the results are exhibited graphically — ^voltages as abscissse and 
currents as ordinates— a straight line will be obtained. This line 
is termed the characteristic of the conductor. 

Later it wiU be shown that the passage of a current through a 
wire causes the latter to be heated, and most wires, when heated, 
have a larger resistance. Manganin wire should be chosen for this 
experiment because its change of resistance with temperature is 
very small. 4 . 
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Fict. 45*2. — Conductors in Parallel. 


Eesistances in Series and in Parallel.— Several conductora 
are said to 1)© Joined together in series when they are so arranged 
that an electric current flows through them one after another ; the 
total resistance of such a set of conductors is equal to the sum of 

the resistances of the in- 
^ dividual constituents. If 

the wires, whose resist- 
ances are fg and fg re- 
spectively, are joined to- 
gether as in Mg. 45*2, they 
are said to be joined in 
parallel. A current I, in the main circuit, has a choice of several 
paths by which to proceed from P to Q. Let VJ be the difference 
in potential between these two points; this P.D. must be the 
same for all the wires. Let and be the currents in f j, 
fg and respectively, then 

Vy == ii^i == ^2^2 ~ ' * . . • • * (^) 

But I = + ^2 + is • • ... . . . (5) 

because there is no accumulation of electricity at any point in a 
wire. If R is the resistance equivalent to the three wires which are 
in parallel then— 

VJ = IR . . ‘ ‘ • (6) 

From these equations we have, 

■ Y1 

R 


= I = ii + + h 


m ..m v** 

4. Ar 4- jA 

fi Vg ra 

i-h+h+k ■ • ■ • • • 

These two laws can easily be verified by means of the Wheatstone 
Bridge apparatus. 

/Resistance Boxes.* — ^In order to de- 
termine experimentally the resistance of 
a given wire it is generally necessary to 
have a set of known resistances with 
which the wire can be compared. The 
coils of a resistance box are constructed 
as shown in Fig. 45*3. A manganin 
wire is wound non-induotively and its 
two ends are attached by solder to brass 
blocks. When a plug is inserted in 
a conical hole between these blocks the coil is short-circuited, 
i.e. the current passes through the plug instead# of through 



Fia 45*3.^ 
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Fig. 46*4. — Besistance by the 
Method of Substitution, 


tke coil, or at least only snch an infinitely small current passes 
tkrough the coil that it can he neglected. In order to make good 
contact between the plug and the brass blocks the plug should be 
inserted and then given a half turn — ^in addition the plug may be 
vaseline^ slightly. A plug should never be rubbed with sand-paper, 
for this only forms an irregular surface impairing the contact. 
Electrical contacts may always be cleaned with ether. 

The Measurement of Resistance by the Method of Substitu- 
tion.— The unknown resistance X, Fig. 454, is connected in series 
with a battery, B, a key, K, a 
tangent galvanometer, 6, and a 
variable resistance P, This is 
adjusted 'Until the galvanometer 
deflexion is about 50®. X is 
then removed and replaced by a 
variable resistance R. This is 
adjusted until the galvanometer 
deflexion is the same as before. 

Then X = R. 

. It should be noted that in this experiment it is not necessary 
to observe the usual precautions with reference to a tangent galvano- 
meter, since the current in the circuit is the same on each occasion, 
and the actual measure of the deflexion does not enter into the 
calculation. 

The Wheatstone Bridge* 
— ^Nearly all the best methods 
of measuring electrical resist- 
ances are based on a principle 
used by Whisatstone. The 
apparatus is represented dia- 
grammatically in Fig. 46*5. 
Four resistances, P, Q, R, 
and S, are arranged as shown 
to form the four arms, AB, 
BC, AD, and DC, respectively 
of the so-called Wheatstone 
bridge network. The points B 
and D are connected to a 
galvanometer, while a battery is placed between A and C. The 
current from the battery, on arriving at A, has two paths at its 
disposal by means of which it may reach C and then return to the 
battery. The resistances are adjusted until no current flows through 
the galvanometer G. 

Let ii and be the currents in AB and AD respectively. Since 
there is no current through the galvanometer and no accumulation 



Fig. 45*5.- 


-Principle of Wheatstone 
Bridge. 
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of eleotrieity possible at B, it follows that all the electricity arriving 
at B mnst leave along BC, i.e. the current in BC is also Ip Similarly 
the current in DC is %. Now the fall in potential from A to B, 
written V®, is P. 

Similarly, V® ii Q, V® = 4 R and “ % S. Since B and D 
are at the same potential 

V: = V>r^iP=-4R . . . . . (1) 
Similarly ^lQ = .... . . . (2) 

Hence, by dividing (1) by (2), we get 


A convenient form of Wheatstone’s apparatus is known as the 
Metre Bridge [Eig. 45*6]. A uniform manganin wire ADC is stretched 
over a metre scale graduated in cm., etc. The imknown resistance 



P is placed in the gap LM whilst the known resistance Q is inserted 
at NO, The terminals at B, M, N and 0 are joined to thick copper 
strips, the resistance of which is negligible. The point B is con- 
nected to a galvanometer 6 and sliding contact D ; if a tangent 
galvanometer is used then this instrument must be placed several 
feet from the bridge [cf. p. 743], The battery is connected as 
shown. When a balance' has been obtained 

P _ resistance of AD __ AD 
Q ~ resistance of DC ^ DC* 

The positions of P and Q should then be interchanged and the 
experiment repeated. 

When this bridge is in use care should be taken to obtain a 
balance point as near to the middle of the bridge wire as is possible 
by selecting a suitable value of the resistance of Q, When this is 
done the effect of any error in reading the position of D is made 
smaller. 

If one is determining the resistance per unit length of a wire 
the resistances of two different lengths of wire should be determined. 
The wire should be arranged so that the same length of wire is under 
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the terminal in each instance. Then by taking differences the 
errors due to contact resistances " between the terminals and the 
wire are minimized. Thus if lengths and Aa have resistances 

ff f ) ■' ' 

and fa, the resistance per cm, of the wire is 

(Xa — All 

The chief objections to this form of bridge are the facts that it 
is not suitable for the determination of high or low resistances, and 
that there is an unknown ‘‘resistance of contact" at the points 
A and G. This resistance of contact is due to the facts that the 
wire AC is not exactly 1 metre in length, and whenever the solder 
spreads over it the cross-section is no longer uniform. In addition, 
the solder forms an alloy with the manganin, the resistivity of which 
is not equal to that of the material of the wire. 

The Post-Office Box.— This is a portable form of Wheatstone 
Bridge originally designed for measuring the resistances of electric 
cables and telegraph wires. Two patterns of this bridge are 
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(a) (b) 

Fig. 45*7.— Post Office Box. 

indicated in Mg. 45*7 (a) and (6). Considering (a) first, the three 
arms AB, BC, and AD of the bridge are in the form of resistance 
coils and are equivalent to the arms P, Q, and R of Mg. 45*5. The 
unknown resistance S is placed across CD. A battery and key are 
joined to A and C, while a galvanometer and tapping key are con- 
nected to B and D. The arms P and Q are termed “ ratio arms " 
and each consists of a 10", 100", and 1000" coil in series. Let us 
suppose that in a particular experiment P == 100", and Q ^ 10". 
To measure the resistance of S, a coil in R is unplugged and the 
deflexion of the galvanometer observed. The resistance in R is 
then varied considerably uintil a deflexion in the opposite direction 
is obtained. The resistance in R necessary for the bridge to be 
balanced must then have a value intermediate between these 
extremes and by trial its value is found. Let us suppose that it is 
187". Then, from the usual Wheatstone bridge condition, we have 

■r— . whence ==?= 1B*7' ohms,. 
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Wlien a very sensitive galvanometer is used it is advisable to 
insert a resistance of about 100 ohms in series with the battery to 
reduce the current through the galvanometer and each part of the 
circuit. When this is done the coils are not heated appreciably so 
that their resistances remain constant. 

In Fig. 45*7 (6) there is shown a post-office box with tapping keys 
attached permanently to it. The studs M and N are connected by 
wires underneath the top of the box to the points A and B respect- 
ively. One of the i^ads from the battery and one from the galvano- 
meter are then connected to H and K respectively so that when the 
keys are depressed there is connection between these leads and A 
and B as in the first form. 

Very frequently it is stated that the battery and galvanometer 
may beinterchanged. Theoretically this may bedone,butm practice, 
with the bridge arranged as in the above numerical example, there 
would be a relatively large current through Q and S, and a much 
smaller one through P and R. This may cause Q and S to he heated 
considerably and thereby alter their resistances. Care must there- 
fore always be taken to see that the bridge is arranged so that only 
small and nearly equal currents flow through the various arms. 

Adjustable Resistances. — ^To vary the current in a circuit use 
is made of a variable resistance or rheostat. This may consist of 
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Variable Sliding 3El^!stance. Variable Besistance used as a 

Potential Divider. 

■'Fig.' 45*8.' ,■; 

a number of carbon plates held together in a suitable frame, the 
resistance being reduced by applying pressure by means of a screw. 
Another form of variable rheostat is represented in Fig. 45*8 (^). 
AB is a wire wound on a frame and G is a movable contact carried 
on a rod of triangular section. If a cell is connected to A and D the 
current flows through the portion AC of the rheostat. By moving 
the sliding contact to the left the resistance m the ciroiut k 
dinunished. Such a resistance may be used as a potential divider. 
For this purpose a battery is connected across AB so that a current 
flows through the whole resistance — see Fig. 45'8 (6). Thk es- 
tablishes a potential difference between B and C, and therefore 


. li, 


between B and D, ^¥ben G is moved to the left this potential 
difference increases. 

Kirchhojff ’s Laws.—These are two rules which enable us to solve 
problems concerning currents flowing in a network of wires. They 
state : 

(a) In any network of wires the algebraic sum of the 
currents which meet at a point is zero, Le. Zi ==0. 



(6) The algebraic sum of the electromotive forces in any 
closed circuit or mesh is equal to the algebraic sum of the 
products of the resistances of each portion of the circuit 
and the currents flowing through them, i.e. = Sir. 

Example . — The aim ABC of a circuit contains a resistance of 
10 ohms and a cell of internal resistance 1 ohm and E.M.F. 2 volts, 
while the branch ADC contains a resistance of 20 ohms and two 
similar cells. Across AC there is placed a battery of E.M.F. 6 volts 
with an internal resistance of 0*3 ohm. Calculate the currents through 
the two resistances if the E.M.F. ’s are directed as in Fig. 45*9. 

Let ii and be the currents in ABC and ADC, so that the cuirent 
in CHA is (% -f* i ^) — by Kirchhoff’s first law applied to the point A. 
Then considering the mesh ABCD and taking an B.M.F. to be positive 
when it acts round the mesh in a clockwise direction, we have 

i0t>j -f* 1 • 2^3 — 20t'a = — 2 *4" 4 

i.e. IHi ~ 22t, = 2. 

Similarly from the mesh ADCH, we have 

20% 4" 2% 4" (% 4” %) 0*3 = — 4 *4" 0 
i.e. 22*3% 4* 0-3% = 2. 

Solving these equations % = 0*35 amp. and = 0*08fi amp. 

MaxwelTs Cyclic Currents.— The above method of determin- 
ing the cuirent in any part of a circuit becomes complicated when 


760 


,' 3 " " ' . * 

mOlCETISM 

the circuit has many branches. Maxwell suggested the “ cyclic 
current ’’ device to simplify the problem. He imagined that a 
specified cyclic current flowed in each mesh, all the cyclic currents 
being in the same direction. The current in any branch is thus 
the difference between the cyclic currents in the meshes it separates. 
The following problems indicate how the method may be applied. 



Example* — Two liquid resistances, P and Q, of 10 and 6 ohms re* 
spectively, are connected in parallel and a battery of E.M.P. 6 volts 
and internal resistance 4 ohms is used to send a current through them. 
Find the current in the two liquids if the E.M.F. of polarization in 
P is 0-2 volt and in Q 1*6 volt. 

The circuit and a system of wire resistances and batteries, of negligible 
resistance but whose E.M.F.’s are equal to the back E.M.F.s’ in the 
liquid resistances, are indicated in Fig. 46*10 (a) and (6) respectively. 
Let the cyclic currents in the mesh ABCD be x ; in ADM let it be y . 
Then applying Eorchhoff’s second law to the first mesh we have 

10a; + 6(a? — y) — 1*6 ~ 0*2. 

For the second mesh, 

6(j^ — a;) -f 42/ =* 6 — 1*6, 

/. X = 0*31 amp. ; y = 0*67 amp. 

The current through P is equal to x; that through Q is (y — x). 
These currents are 0*31 amp. and 0*36 amp. respectively. 

Elementary Theory of the Wheatstone Bridge Network of 
Conductors.'--Let us assume that the four resistances P, Q, R 
and S, arranged as in Fig. 46*11, are “ balanced,” i.e. there is no 
current through the galvanometer G when the cell B of E.M.P. E 
is inserted. Let G and B be the resistances of the galvanometer 
and battery respectively, and let x, y, and z, be the cyclic currents 
in the meshes (i), (ii) and (iii). Applying Kirchhoff’s second law 
to each mesh in turn, we obtain, 

Bx + G{x — y) + E(a? — z) = 0 . . . , . (i) 

i • (ii) 

R{2! — a?) + S(2 3/) + 2?B === E (iii) 
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■Bi’ (6) 


Fia. 45* 11 4- — Elementary Theory of the Wheatstone Bridge. 


Ifx 


y: 


: 0, i.e. the bridge is balanced, from (i) and (ii) we obtain 
(P + E.)a; — Ea? = 0 
(Q + S)a: •— Sa; = 0 

, P + Q + S 


R 


S 


or 


P 

R 


Q 


[By solving equations (i), (ii) and (iii), {x — y) not being zero, 
we can obtain the current through the galvanometer when the 
bridge is not balanced.] 

Conjugate Conductors.— If two branches of any network of 
conductors are arranged so that an electromotive force introduced 
into, or existing in, one branch causes no current to flow through 
the other, the conductors forming those branches are termed 
conjugate conductors. The “ battery arm " and ‘‘ the galvano- 
meter arm '’ of a Wheatstone bridge network are conjugate con- 
ductors, provided that the resistances of the other arms satisfy 
the usual Wheatstone bridge relationship. 

Shunts. — In the construction of all sensitive galvanometers the 
wire on the movable bobbin 
has a very small diameter, a 
fact which limits its' current 
carrying capacity. When it 
is desired to measure a large 
current the two terminals of 
the galvanometer are joined 
together by a short piece of 
thick copper wire. This 
aUows most of the large cur- 
rent to pass through the 
thick wire, whilst only a very small current passes through the 
instrument. In Pig. 45‘12 let G be the galvanometer and S its 



Fig. 45‘12.^ — Use of a Shunt. 
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shunt, joined to the terminals A and B. Furthermore let these 
letters designate the resistances of the galvanometer and shunt. 
Imagine that I is the current in the main circuit, which branches 
at A into currents ij and % through G and S respectively. Now 
the drop in potential between A and B is the same whether one 
goes via G or via S. In the first circuit 

V!==iiG 

and in the second circuit 


But 

Hence 





This fraction measures the ratio of the current in the main circuit 
to that in the galvanometer. It is called the multiplying power 
of the shunt. 


A Universal Shunt, — ^By using shunts having and 

that of a galvanometer, the sen- 
sitivity of that particular gal- 
vanometer may be reduced 10, 
10% or 10® times. Each galvano- 
meter must therefore be pro- 
vided with its own particular 
set of shunts, unless an Aybton 
and Mathee universal shunt is 
available. This consists of a 
high resistance S, Fig. 45*13, 
in parallel with the galvano- 
meter. Let us suppose that a 
current i enters at A and leaves 
at B. Then the current through the galvanometer is 

.. S . 

*G + S 

Let us now assume that the current leaves at C, the resistance of 
AC being ~th» that of S. Then a resistance B/n xs in parallel with 

a resistance G + (l “* The current through the galvanometer 
is then' ■ 



Fig. 45*13. — Principle of a Universal 
Shunt. 




s 
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i,e. the current through the galvanometer is “th its previous value. 

In moving the point of contact from B to C, the equivalent resist- 
ance between the current leads decreases from 

GS , ![« + (>->] 

G 4-S ' ^ G + S 

so that f will, in general, be altered. For f to remain constant, the 
above equivalent resistances must be equal, i.e. 

or B = nG. 

To Determine the Resistance of a Tangent Galvanometer 
by a Shunt Method * — ^Let us assume that the resistance of tlie 
“ 50 turns ’’ coil is to be determined. E, Fig. 45-14, is a resistance 
coil of abqut 40 ohms. S is a variable resistance used to shunt 


Rs40 ohms 



Fig. 46-14. — Shunt Method for Determining the Resistance of a 
Galvanometer. 


the galvanometer. B is a battery. These are arranged as in the 
diagram. It will be assumed that the resistance of G is small 
compared with E so that variations in S do not affect the current 
from the battery. 

Let a be the mean deflexion of the galvanometer when the 
shunt is out, i.e. S = co. Then the current i is given by 

i = fc tan a. 

When the shunt is S, the fraction of the current passing through 

S 

the galvanometer is \ == i . == h tan 6, if 6 is the deflexion. 


Hence 


' • 6 + S 
G + S tana 


S 


tan 0* 


Suppose that a series of corresponding values of S and 6 are 


obtained. Call tan 0 = and S = 

■ . ' X 


y 


Then 


Gy -f. 1 X tan a. 


4 4 
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This is a straight Jiae whose intercept on the 2 /-axis is G may 
therefore be found. 

Milliammeters. — These are instruments designed to measure 
small currents. Fundamentally most such instruments are really 
galvanometers. The current passes through a coil suspended 
between the poles of a permanent magnet ; the coil is deflected and 
a pointer, attached rigidly to the moving coil, indicates the angular 
deflexion. The end of the pointer moves over a scale graduated in 
fractions of an ampere [1 X 10”^ ampere == 1 miUiampere]. 

Ammeters. — ^These instruments are only milliammeters in which 
a suitable shunt has been placed across the terminals. If the full 
scale deflexion of a milliammeter of resistance 87 ohms is 50 milh- 
amperes, what is the resistance of the shunt if the full deflexion is to 
be equivalent to 10 amperes ? 

The current through the milliammeter is 0-050 amps. , Hence the 
current in the shunt is 10 — 0*05 «= 9-95 amps. Let S be the 
resistance of the shunt. Then the fall in potential along the shunt is 
(9-95 X S) volts, which is equal to the fall in potential through the 
milliammeter, viz. (0-05 x 87) volts. Consequently, 

9-95 x 8 = 0-05 x 87 

„ 0-05 X 87 . . . , 

or S = — — = 044 ohms. 

Voltmetfrs.^ — ^These instruments, which are designed for the 
measurement of voltages, are milliammeters in which a resistance 



has been placed in series with the moving coil. This series resist- 
ance is inserted inside the case of the instrument and is generally 
not seen. Suppose that the above milliammeter is to be used so 
that its full scale deflexion corresponds to 210 volts. W is 
the series resistance which must be used ? Let E be the value of 
this resistance— -see Fig. 45-15. Since a current of 0*05 amps gives 
a full scale deflexion it follows that this is the current through E. 
Now the drop in potential across E is E x current = (E x 0*05) 
♦volts. The drop across V is (87 X 0-05) volts. The sum of these 
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two voltages must be e< 3 [ual to the voltage in the mains, viz* 210 
volts. Hence 

(R X 0-05) + (87 X 0-05) 


or 


R 


(210 - 4*3) 
0*05 


: 4110 ohms. 


1 200 


1-005, i.e. R = 0-995 ohpi. 


To Measure a Current by Means of a Voltmeter.— Let us 
suppose that a 1 ohm coil has been inserted in an electric circuit 
where the current is i amps. The voltage across this coil is 
(1 X i) = i volts. If, therefore, a voltmeter is placed in parallel 
with the terminals of the 1 ohm coil, the indication, in volts, of this 
instrument is equal to the current in amperes. This method fails 
if the voltmeter has a low resistance : for consider a voltmeter in 
which the resistance is 200 ohms. The equivalent resistance R of a 
1 ohm and 200 ohm coil in parallel is given by 

R ’ 

If the current is 1 ampere in the main circuit, the voltage across the 
1 ohm coil, which is recorded by the voltmeter, is l x 0-996 = 0*995 
volts. Accordingly the indicated reading of the current is 0-995 
amperes— an error of 0-5 per cent. Voltmeters generally have a 
resistance of at least 1000 ohms, so that the error is negligible for all 
practical purposes. 

Kelvin’s Method for Determining the Resistance of a 
Galvanometer.— The galvanometer is placed in the fourth arm 
of a post-office box and a tapping 
key across BD, the position usually 
occupied by the galvanometer — see 
Fig. 46-16. Since under these con- 
ditions the current through it would 
be excessive only a small potential 
difference is applied across CA [cf. 
p. 748]. P, Q, and R are then so 
arranged that the deflexion of the 
galvanometer is of convenient mag- 
nitude. The key K is then closed 
and, in general, there wiU be a change 
in this deflexion. R is changed until 
there is no change in this deflexion 
when K is opened or closed. When 
this occurs the points B and D must Fig. 45‘16. — ^Besistoce of a Gal- 
be at the same potential, and we have Kelvin^s Method. 

p,, , 

, where X is the galvanometer resistance. Jn carrying out 
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tMs experiment the current through the bridge should be reversed 
and the observations repeated.' 

Mance^s Method for Determining the Internal Resistance of 
a Battery. — The battery is placed in the fourth arm of a post-office 
box, the galvanometer, G, and a high resistance, Z, across BD, while 



a tapping key is placed across AO— see Fig. 45*17. The high re- 
sistance is necessary to limit the current through G . The experiment 
consists in adjusting P, Q, and R so that there is no change in the 

PR 

galvanometer deflexion when K is opened or closed. Then y, 

where Y is the resistance of the ballery . The proof of this statement 
may be found in a text-book of Practical Physics. 

The “ End Corrections” of a Metre Bridge. — The small 
resistances of contact at the ends of a metre bridge wire and errors 
arising from the fact that the wire may not be exactly 100 cm. long 
may be determined as follows: — ^Resistances of 1" and 101“ are 
placed in the two gaps of the bridge ABCD — Fig. 45*18 (a)— and 



' ; ■ v ' ^ - JD mi 


(a) 


(b) 


Fig. 4S*18. — End Corrections to a Bridge Wire. 
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a balance point D on the wire located in the usual way. If I and 
(100 — J) are the lengths into which D divides the wire, and * 
and Ig, expressed as lengths of bridge wire, the " end corrections ** we 
are endeavouring to find, the usual Wheatstone bridge relation gives 

1 _ + I 

101 I 2 + (100 -Z) 

The coils are then interchanged and a new balance point Pj found. 
Referring to Fig. 45-18 (5) where this is indicated, we have 

Ai + L 


V+IOO-LV 

Writing these in the form 

101(^r + 7) ==A2 4- lOO- r 

and 

L *4“ 




101 

we have by subtraction 

101(^ + i) 




Similarly 




lOlL 


aoo-L + a^ 

L “f" -r 

=:L- 

L - 101? 

100 * 
•?-lG0a 


100 


Resistivity.— By means of a metre bridge or post-office box it 
may be shown that the resistance, R, of a uniform wire is directly 
proportional to its length, J, and inversely proportional to its 
cross-sectional area, a, providing, of course, that the physical state 

of the wire remains constant. Hence R == where 0 is a constant 

a 

for the material of the wire. It is termed its resistivity ^ or specific 
resistance. . ** 

Ra 

Since we may write or = — = [ohms X length^ length], it is 

clear that the unit of resistivity is the ohm. cm. It should be 
noted that cr is not equal to the resistance of a unit cube, for this is 
measured in ohms, whereas the resistivity is measured in ohm. cm. 
The two quantities are numerically equal providing that the lines 
of flow of the current are parallel to one edge and therefore to four 
edges of the. cube. This latter limitation is necessary, for if the 
current entered at one corner and left the cube at the diagonally 
opposite corner it is difficult to calculate the resistance offered by 
the cube to the current. 

Conductance.— The or specific conductance 

of a substance is the reciprocal of its resistivity. It is therefore 
expressed in ohnT"^ cmr'K 
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■ EXAMFLES'XLV 

1. — ^Oalculate the P.B. across a lamp whose resistance is 104 ohms 
if the oijrrent is 1 *06 amperes. 

2. — current from a battery passes through 10 ohms and a tangent 
galvanometer. The reduction factor (^;), [where I = ifc tan 0] for the 
galvanometer is 0*63. The deflexion observed is 47®. If the resistances 
of the battery and galvanometer are negligible, calculate the E.M.F. 
of the battery. 

3. — battery consists of 3 cells arranged in parallel. Each cell has 
an E.M.E. 1*08 volts, and a resistance 3*5 ohms. What current will 
the battery send through a 10-ohm resistance ? 

( 5 )— A cell whose internal resistance is 0«52 ohm produces a current 
of 0*27 ampere in a 6-ohms wire. Find the B.M.F. of the cell, and the 
diflerence in potential wliioh exists between its terminals. [This P.D. 
is nqual to the P.D, across the 6-ohms coil.] 

/s.— A battery is connected to a tangent galvanometer of resistance 
18 ohms, and the deflexion observed is 64®. When a resistance of 
14 ohms is placed in the circuit the deflexion is reduced to 37®. What 
is the battery resistance ? 

6, — Calculate the resistance of the following coils when arranged (a) 
in series, (6) in parallel — 2 ohms, 3 ohms, 4 ohms. What is the current 
through a cell whose E.M.F, is 2*08 volts when this is connected in 
turn to each arrangement ? 

7. — Define the resistivity of a substance. A wire has a resistance of 
40 ohms. It is out in halves and the two portions arranged in parallel. 
What is the resistance of the combination ? 

s/ 8. — ^A coil has a resistance of 20*37 ohms. What must be the value 
of the shunt resistance so that the whole may be equivalent tcs a 20- 
oh^ coil ? 

v4.-— A galvanometer has a resistance of 1064 ohms. What must be 
the shunt so that only one-tenth of the cmrent shall pass through the 
galvanometer? 

10. — ABCD is a square, each side of which has a resistance of 2 ohms. 
A 6-ohms coil is placed across AO. Calculate the equivalent resistance 
between A and C, and also between B and D. 

11. — ^A coil having 8 turns of wire, each 1 metre in diameter, is placed 
with its plane in the magnetic meridian. Calculate the value of H if a 
current of 1*6 amperes deflects the needle through 46®. 

12. — ^Two cells are placed in series with a tangent galvanometer and 
a resistance. The deflexion is 60® when the cells assist one another, 
whilst it is only 22® when they are in opposition. Calculate the E.M.F. 
of the larger cell if that of the smaller is 1*08 volts. 

13. — A and B are two points on the circumference of a circle con- 
sisting of uniform wire. They subtend an angle of 127® at the centre. 
If A and B are Joined to a battery, calculate the ratio of the currents 
in the two segments of the wire. 

14. — State Ohm’s law and describe how you would verify it for a 
conductor in the form of a long thin wire. A, B, 0, and iS are four 
coils of wire of 2, 2, 2, and 3 ohuns resistance respectively, arranged to 
form a Wheatstone bridge network. Calculate the value of the resist- 
ance with which the coilD must be shunted in order that the bridge 
may be balanced. If the shunt is a wire 100 cm. long and 0*2 mm. 
diameter, calculate the resistivity of the material. 
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16.-— Establish the relatioijL between the resistances of the arms of 
a balanced Wheatstone’s bridge. How may the ordinary arrangem^ts 
of a Wheatstone bridge be modified for &iding the resistance of the 
electric cell used ? 

16."— If the wire of a Wheatstone bridge has a resistance of 1 ohm 
and the bridge is used to compare the resistances of 2 ohms and 3 
ohms respectively, what current flows along the wire when the galvano- 
meter shows no deflexion if the battery used has an E.M.P. of 1*7 volts 
and an internal resistance of 6 ohms ? (L. *28.) 

'^17.— Establish a formula for calculating the equivalent resistance of 
two conductors joined in parallel. The terminals of a battery of 
E.M.E. 10 volts and of negligible internal resistance are connected to 
two coils each of 100 ohms resistance, joined in series. A voltmeter 
of resistance 600 ohms is connected in turn across (a) each of the coils, 
(6) the terminals of the battery. What is the reading of the instrument 
in each instance ? 

— ^Describe the construction and explain the action of a moving 
coil voltmeter. A certain voltmeter has a range of 16 volts and a 
resistance of 1000 ohms. How would you use it to measure voltages 
up to 150 volts 1 

19. — ^Describe some form of sensitive galvanometer. A galvano- 
meter of 100 ohms resistance gives a fuH-scale deflexion for a current 
of one-tenth of a milliampere. How would you arrange so that it 
could be used as a voltmeter giving a full-scale deflexion for 1 volt ? 
V 20. — ^Explain the action of a shunt. A current from a battery of 
resistance 4 ohms is sent through an electric heater of resistance 10 
ohms. With what resistance must the heater be shxmted in order to 
decrease the amount of heat developed in it to half its former value t 

21. — -Explain the theory and the method of using a potentiometer 
(a) to compare the electromotive forces of two cells, (6) to calibrate an 
ar^eter. 

(2^4 — ^P, Q, R, S, are resistances taken in cyclic order in a W.B. net- 
work. P and Q are the ratio coils : S is the unknown resistance and 
R a 20-ohm coil which needs to be shunted with 360 ohms to secure an 
exact balance. WTien P and Q are interchanged balance is restored 
by altering the shunt across R to 498 ohms. Find the resistance of S 
and the ratio P : Q. (L.I.) , 

23. — Explain how a “ shunt ” may be used to alter the sensitiveness 
of a galvanometer. A voltmeter reading from 0 to 10 volts has a 
resistance of 1000 ohms. How would you convert it into an ammeter 
with a range from 0 to 1 ampere t 

24. —“ In all direct cxarrent galvanometer there is called into play 
a force of automatically varying moment which serves to balance the 
electromagnetic moment due to the current, and to restore the recording 
needle to the zero position when the current is switched ofl.” Explain 
this statement by means of descriptions of various types of galvano- 
meter. (N.H.S.C. 29.) 

26«— A metal tube of length I has internal and external radii a and 
6 respectively. If c is the resistivity of the material of the tube, 
show that R, the resistance of length I of the tube is given by 

. \ ' ' n . ' ' ' 

Need the axes of the cylindrical surfaces be coaxial ? 
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ELECTROMOTIVE FORCE, THE POTENTIOMETER, 
AND SOME. ELECTRICAL MEASUREMENTS 


Electromotive Force and the Internal Resistance of a Cell.— 
At the beginning of Chal)ter XLIII it was shown that the potential 
difference between a copper and a zinc electrode placed in dilute 
sulphuric acid was caused by an electromotive force in the cell, A 
similar statement is true for all cells but we shall consider the simple 
ceU as a concrete example. When the electrodes are not connected 
by a wire and steady conditions have been reached [almost instan- 
taneously] the potential difference between the electrodes is 
numericaily equal to the electromotive force of the ceil. The 

potential difference between 
the plates tends to make 
electricity pass from the 
copper to the zinc along a 
path not in the ceU, whereas 
the electromotive force is 
only operative inside the 
ceil and acts from the zinc 
to the copper. If E is the 
electromotive force and Vo 
the potential difference be- 
tween the plates when they 
are not joined together, i.e. the ceU is on ‘‘ open circuit,*’ then 
E = Vo — see Fig. 46-1 (a). 

When the plates are connected by a wire of resistance R electricity 
immediately begins to flow in a direction from the copper to the zinc 
along the wire. This is caused by the potential difference across the 
wire. Inside the cell the electromotive force is still operative for 
chemical reactions are taking place Opposing this E.M.P. 

there is the potential difference between the plates. This is 
often termed the electromotive force of the cell on closed cireuit,” 
but this is really a misnomer, for the electromotive force of the cell 
is constant and it is only the potential difference between its plates 
which varies with the current supphed by the cell. Since E > V^ 
electricity will be driven through the cell from zinc to copper and 


Cu 


Zn 


•f 

- 





:* 

zYof: 
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(a) 


R 

rvV'AWH . 


Pio. 46-1. 



the current in the cell will be *1 = 


B ■’ 


where B is the internal 
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resistance of the cell. Outside it the current will be 4 
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These two currents will differ for a small fraction of a second, i.e. 
until the rate at which electricity is passing from the copper electrode 
is equal to the rate at which it is gaining electricity. Then ii = % and 

B "" R* 

From the above we see that we cannot measure the electromotive 
force of a cell directly but miist measure the potential difference 
between its terminals on open circuit. This may be done by 
applying a potential difference to the cell so that it opposes the 
potential difference between its plates and adjusting it so that the 
current from or to the cell is zero. The electromotive forces of two 
cells may be compared by the following methods. 

The Compabisok op Electeomotive Foeoes 
The Sum and Difference Method, — ^In order to compare the 
E.M.F.’s of two cells they are connected in series with a tangent 
galvanometer and a resistance which is adjusted so that the de- 
flexion of the needle is in the neighbourhood of 45°. The two cells 
are then connected so that they are in opposition, and the resistance 
stUl being as before the deflexfon is again noted. Let Ei and Eg be 
the E.M.F/S of the cells ; let B, G, and R be the ohmic resistances 
of the battery, galvanometer, and resistance box respectively, whilst 
01 and 0* are the deflexions of the galvanometer. If and are 
the respective currents in the two circuits, then 

Ej 4“ 5^2 7 4. A 

" — Jc tan 01 


and 


B + G + B 


= k tan 02 


B 4" G H" R 

where i; is the reduction factor of the instrument, 
use of the lemma * below, we have 

Ej 4* ^2 tan 01 


By division, and 


El 


E^' 


tan 02* 

tan 01 4“ tan 02 
tan 01 — tan 


* Lemma : If 


then 


Since a • 


a 
b 

a + c 


(say) 
6 + dl 


a — c 6 — d' I 

bk and c i= dk, we ha^is by substitution 
a + c hk dk 5 + d 


a ^ hk dk ^ 6 — d' 

i.e. if two fractions are equal, one can add and subtract the numerator and 
denominator of each to form fractions wMch are still equal. This has been 
done in order to solve the above equations. 
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The Potentiometer,— The above method of comparing voltages 
can only be considered as a very approximate one, mainly because 
the result depends upon the difierence of two quantities which are of 
the same order of magnitude. The potentiometer is an instrument 
designed for the accurate comparison of potential diSerences. The 
theory of the instrument can be gathered from a consideration of 
Pig. 46*2. AB is a manganin wire of about 8 ohms resistance and 
stretched over a scale graduated in cm., etc. It is coimected to a 
source of constant potential S, and a key K. For convenience an 
accumulator is generally used at S, but it must be understood quite 
clearly that any instrument capable of yielding a constant voltage 
would do. The cells whose voltages are to be compared must not 
be compared with S for reasons which will be stated later. The 
key which is used in a potentiometer experiment should never be 
one of the '' plug-in ’’ variety, since the resistance of such plug is 
variable. It is much better to construct two holes in a block of wax 
and fill them with mercury. The circuit wires dip, one into each 

cup of mercury, and the dis- 
tance between the cups can be 
bridged with a short piece of 
thick copper wire, the surface 
of which has been previously 
amalgamated with mercury.* 
One of the cells to be com- 
pared is placed at E, connected 
to a galvanometer 6, to the 
manganin wire at A, and finally 
to a sliding contact at C. The cells S and E must always be so 
arranged that like electrodes are joined to A. Assuming that the 
potential drop across AB is not less than that across E, some pointC 
on the wire AB will have the same potential as the negative electrode 
of the cell at E. This point is found by moving the sliding contact 
along AB until the galvanometer reading is zero. Under these condi- 
tions there is no fall in potential across G and the connecting wires, 
for the drop in potential is equal to the product of the resistance 
and current, and although the resistance may be large the current 
is zero. It therefore follows that the potential between A and C is 
equal to that across E. It cannot be said that the potential of A is 
equal to that of the positive plate of S, because there is a current 
in the connecting wire and hence there must be a difierence of 
potential between S and A. 

If AB is a uniform wire the fall in potential along AC is pro- 

♦ This is very easily done by clesjoing the coppe with nitrie acid, and 
then plunging it into dilute sulphuric acid and inercuxy for a few seconds. 
The amalgamated copper is then washed with distilled water and dried. ‘ 
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Pio. 46*2. — A Potentiometer. 
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portioBal to the length AC. Call this length L When cells Ej, 
Ej, etc., are placed at E and the corresponding lengths, Zj, etc., 
determined, it follows that 

Eg Z2 

If E, is a standard Weston Cell, then the voltage of Ej can be 
calcnlated. It will be observed that there is no reference at all to 
the cell S in this equation. 

To Measure a Current Accurately.— The potentiometer is 
easily applied when one wishes to measure a current accurately. 
For this purpose the connections are arranged as in Fig. 46-3. The 
wire AB, the source of constant potential S, and key K are as before. 
Suppose it is desired to measure the current in the circuit EPR, 
where E is a battery sending a current through a resistance P and 



Fig. 46*3. — Use of a Potentiometer to Measure a Current, 

a standard 1 ohm coil R. The terminals of this standard coil are 
joined to A and to C through the galvanometer G. When there is 
no current in the galvanometer the voltage across R is proportional 
to the length AO. But the voltage (V) across a 1 ohm coil is equal 
to the current I through the coil, for V = IR and R is unity, so that 
V I. In order to calculate the value of this voltage a standard 
cell is used as in the previous experiment. 

Experiment : Place a tangent galvanometer, 1 ohm coil, adjustable 
resistance, key, and battery in series. Obtain a deflexion of the 
galvanometer needle of about 45® and measure the potential diflerence 
across the 1 ohm coil by means of a potentiometer. Standardize the 
potentiometer by using a Daniell cell or other cell of known E.M.F. 
Assume H = 0-18 gauss, and calculate the ratio of the E.M.XJ. of 
current to the practical unit of cmrrent. 

To Compare Two Resistances.--Since the potential difference 
across a resistance is proportional to the product of its resistance and 
the current through it, the ratio of two resistances will be equal to 
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Fio. 46- 4-— Comparison of Besistances by Means of a Potentiometer. 

are connected to a potentiometer wire. A small difference of 
potential but slightly in excess of those to be measured is established 
across the wire by adjusting a resistance in series with it and an 
accumulator. The cups a and e, 6 and/, having been short circuited, 
a point of balance D is found on the wire such that there is no 
deflexion of the galvanometer* Then the length AD Pj say] is 
proportional to the P.D. across Rj. If 4 is the length corresponding 
to the P.D. across Rg we have 

■ ■R2 , 

since the current through the coils is constant. If and 4 are small 
the resistance X must be increased to dimmish the potential drop 
per unit length of the potentiometer wire and the experiment 
repeated. 


the ratio of the potential differences across them when they are each 
carrying the same current. Hence, by comparing these potentials 
we hfive a means of comparing two resistances. The method works 
equally well whether the resistances are large [10® ohms] or small 
[ 10^2 ohms] providing that a suitable galvanometer is selected and 
the current adjusted accordingly. Let us see how a resistance of 
0*1 ohm, Rj, and another resistance of the same order of magnitude, 
Rg, may be compared. These are arranged in series with an adjust- 
able resistance and a current of such magnitude passed through 
them so that neither coil is heated very much and yet the current 
is sufficient to create a potential difference of measurable amount 
across the coils. Potential leads from Ri and R^ are ooimected to 
mercury cups a, 6, c, d, as in Fig. 464, while two other cups e and/ 
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The Rayleigh Potentiometer. — Two identical resistance boxes 
AB and CD, Fig. 46‘6, are connected in series. The variable arms 
of two post-office boxes may be used. The plugs are all removed 
from AB whilst none is removed from CD. To compare the 
E.M.F.’s of two cells, Ej and Eg, they are arranged so that either 
may be connected through a galvanometer G to the ends of AB. 
If El has thus been connected plugs are inserted in AB and the 
corresponding plugs removed from CD until the galvanometer 
deflexion is zero. The P.D. across AB is then equal to the E.M.P 



Fia. 46*5.— -A Rayleigh Potentiometer. 


of Ej. Let Pi be the value of resistance of the unplugged coils in 
AB. The experiment is repeated with Eg and the corresponding 
value Pg found. Since the total resistance in AB and CD has been 
kept constant, the current through them has been kept constant, so 
E P 

that =^==—1, Generally, the total resistance is 11,000 ohms. 

Jilg iTg 

With a sensitive galvanometer changes produced by transferring 
one ohm from AB to CD may be detected by this method, so that 
E.M.F.’smay be compared with an error of less than 0*01 per cent. 

Internal Resistance of a Battery. — ^At the beginning of this 
chapter we proved that the potential difference between the plates 
of a cell depended upon its internal resistance and the current it 
was supplying. Let i be the current supplied by the cell through a 
known resistance R and let E be the electromotive force of the cell. 
Then if is the P.D, between the plates, we have 

. V, E-V, .. 

:^"''R , B * ■ 

If E and are measured by a voltmeter, B may be calculatecj 
since the above equation may be written 
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Instead of using a method involving the direct measurement of E 
and V^, we may compare E and with the aid of a potentiometer. 
To do this the apparatus is arranged as in Fig. 46*6. First the length 
of the potentiometer wire AC corresponding to the electromotive 



force of the cell is determined. Let this be L. By inserting the 
key K the resistance R is placed across the cell. Let I be the poten- 
tiometer reading corresponding to the P.D. between the plates under 
these conditions. Then since E = icL and = kI where «r is a 
constant, we have 



A series of readings with different values of R should be taken, 
when the following graphical method may be used to find B. The 
above equation may be written 


Calling Y = g = equation becomes 



The experimental points should therefore lie on a straight line 

1 ■ 

whose intercept on the y-axis is — — . 

B 

The Carey Foster Bridge for Comparing Nearly Equal 
Resistances. — ^The difference between the resistances of two coils 
whose resistances are nearly equal may be accurately deter min ed 
by a modified form of the Metre Bridge due to Gabby Foster. A 
uniform wire AB, Fig. 46'7, is stretched across a scale in cm., etc., 
and the two resistances to be compared, R and S, are placed in the 
outer gaps of a copper bar whose extremities are joined to AB. 
P and Q are two resistances placed in the iimer gaps of this bar. 
These should he nearly equal, but it is not necessary to know what 
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are their actual resistances. A battery, reversing key, K, and 
galvanometer are connected as indicated. If the difference in 
resistance between R and S is not large a point C on the wire AB 
may be found where the galvanometer deffexion is zero. Let 
AC = li, AB = L, the total length of the wire, while ^ and ^ are 
the end corrections expressed a§ lengths of bridge wire. Then P 
and Q may be regarded as two arms of a Wheatstone bridge net- 
work, while R and S and the resistances of the circuit between them 



and C constitute the other two arms. When the bridge is balanced 
we have 

P _^ + + 

Q S + p(A6 + L ~ It) 
where p is the resistance per cm. of the wire. 

The coils R and S are now interchanged and a new balance point 
on the bridge wire determined. Let this be at distance from A. 
Then 

P _ S 4“ pi^a + ^a) 

Q R 4“ p(Jl& -j- L ^ — ia) 

Hence 

R + pga + ti) ^ s + p{Xa + h) . 

S 4” p(/l6 “1“ L — It) R 4“ p{^h 4” L 

R 4"“ p(^a 4~ ^i) S 4“ p(^g 4^ ^ 2 ) 

R 4~ S 4" p(^a 4" 4“ L) S + R 4“ 4“ ^6 4* L) 

Since the denominators of these fractions are equal, 

R + piK + ^ 1 ) = S + pi^a + 4) 
or R — S = p(4 — ^i)v 

This equation expresses the difference between R and S in terms 
of the resistance of the wire and we note that the end corrections 
and ^6 do not appear in it. 
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To determine p, R is replaced by a l-obm coil and S by a 1-obm 
coil sbnnted by a 10-obm coil, i.e. S ^ 0*909 ohm. If and 
are the bridge readings when these are used in the above manner, 
we have 

1 — 0*909 = pCoja — iTi) 

so that p is known. 

To obtain accurate results the coils must be connected to the 
terminals with the aid of thick copper strips, the contacts well 
cleaned and the battery connections reversed. By taking the 
mean of the readings for each arrangement errors due to parasitic 
E.M.E.’s (thermoelectric, etc.) will be eliminated. 

Determination of a Small Resistance in Terms of Standard 
Resistance Coils,— Let AB, BC, and CA, Fig. 46*8, be coils having 
resistances 1 ohm, 1 ohm, and 10^ ohms respectively. HK is, for 
example, a copper rod and we desire to determine the resistance of 
this rod between the potential leads connected to points M and N 

on it. A and B, and M and 
N, are connected to mer- 
cury cups, c, d, e, /, whilst 
a Mgh resistance galvano- 
meter is connected to two 
other such cups, a, b. Let i 
be the current through the ^ 
rod when the circuit is con- 
nected to the battery S, 
Since the resistance of AC 
is very large, i will also be 
the value of the current 
through CB, and the cur- 
rent through AC and AB 
will be i X 10“^. The 
potential diSerence across 
AB is therefore i x 10"^, 
whilst that across MN is 
i X r where f is its resist- 
ance. If 6 1 and Sg are the 
readings of the high resistance galvanometer, G, when across AB 
and MN respectively, we have 

— il— = 1®' or r — - 10-* ohms 
iXlO-* Oi’ “ 

Hence f may he found. Instead of using a galvanometer a 
potentiometer may be used to compare the P.D.’s across AB and 
MN. If MN is of the order 10“^ ohm a millivoltmeter may be used 
for this purpose, AC being replaced by a 100 ohm coil. The current 
through AC and AB is then P^rt of that through MN. 



Fig. 46*8. — Detormination of a Small 
Besistance. 
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The Variation of Resistance with Temperature.— By 
measuring the resistance of a wire at different temperatures it has 
been found that, in general, the resistance incjjeases as the tempera, 
ture is raised. For most pure metals the curve showing the variation 
of resistance with temperature measured on the gas scale is almost 
a perfect parabola, but for small variations in temperature the curve 
does not depart very much from a straight line* Hence, for small 
variations in temperature we have 

Rj = (1 4* o.i)$ 

where a is the coefficient of increase of resistance with tempera- 
ture* Thus _ 

.y Rt Ro 

R,t ‘ 

The resistance of alloys, in general, cannot be represented by such 
simple equations as these. We have to note that some alloys, such 
as manganin, have a very small coefficient of increase of resistance 
with temperature, i.e. their resistance is constant for a change in 
temperature of several degrees. It is for this reason that the coils 
of resistance boxes and potentiometer '^es are made from 
manganin. 

To determine a for iron, say, over a range of temperature from 
0° 0. to 100° C., a length of wire is wrapped on a wooden or mica 
frame and placed in a test-tube. Thick copper leads enable the 
coil to be connected to a P.O. box. The whole is placed in turn 
in melting ice and in steam and the resistance determined in each 
instance. The steam temperature is deduced from the barometric 
height and a calculated from the above equation. [N.B. — ^No 
thermometer is used in this experiment, but a calibrated ther- 
mometer would be necessary if we wished to show that R^ was a 
linear function of Rq and i.] 

Platinum Resistance Thermometers. — The variation of 
resistance with temperature as a means of measuring temperature 
was first used by Siemens. His thermometer consisted of a 
platinum wire wound on a clay cylinder and mounted in an iron 
tube. The resistance of this thermometer in ice was not constant 
after it had been used at high temperatures, for the clay attacked 
the wire and gases passed through the iron causing the wire to become 
brittle. The physicists of his day therefore regarded the method as 
unpromising and it was not until about 1887, when Callenbab 
wound the wire on a mica frame without straining the wire, and 
mounted the whole in a glass tube that this method of ther- 
mometry was developed. To-day it is one of the most reliable 
means of measuring temperatures from •— 40°C. to 1,200° C. 

A typical platinum resistance thermometer is indicated in 
Fig. 46*9 (a). The fine platinum wire is wound on a mica frame. 

i.r. ■ KK ■ 
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TMs wire is joined by intermediate short lengths of thicker platinum 
wire to thick copper, sdver or platinum leads. To compensate for 
the fact that the leadg are at temperatures different from that of the 
platinum spiral a pair of compensating leads is used. These are 
identical with the other leads and are joined to a short length of the 
same fine platinum wire through intermediate pieces of thicker 
platmum wire. The leads are held in position by an ebonite cap and 
mica washers and crosses ; these also serve to insulate the leads 



from one another. The difference in resistance between each pair 
of leads and the wires connecting them depends otdy on the tempera* 
tur© of the platinum spiral; hence there is no trouhlesome and 
uncertain correction for stem exposure when such a thermometer 
is used. The above difference in resistano© is measured on a 
CALLKKBAB-GRrFB'iTHS bridge, the connections for which are shown 
in Pig,46’9 (6). Two 10-ohm coils are placed in the arms AB, BC. 
HK is a platinum wire corresponding to that in the Carey Foster 
bridge. The thermometer R is placed between A and H, while its 
compensating leads and a series of coils S of known resistance 
constitutes the fourth arm of the bridge. A 50-ohm resistance coil 
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is placed in series with the battery to prevent a large ctUTent from 
being sent through the thermometer. When the bridge is balanced 
let us assume that D is x cm. from the centre 0 of the wire. Let 
p be the resistance per unit length of the wire. Then if 21 is the 
length of the bridge wire 

R + + a?) = S + p(Z - a;) 


since the ratio arms are equal. Hence R = S — 2px, 

The factor 2 in the above equation is troublesome when the 
bridge is used continually, so Callendar selected a bridge wire having 
a resistance 0-005 ohm cm.“"^. Then R == S 0*01 , 


The Platinum Resistance Scale of Temperature. — ^When Rq 
and R 100 are known the temperature corresponding to any other 
resistance Rj of the thermometer may be found. Rioo ~ Ro Is 
termed the fundamental interval of the thermometer and corre- 
sponds to 100® C. Hence 


pi 


Rf - Rq 

Riofl Rq 


X 100, 


where pt is the temperature of the wire on the platinum resistance 
scale of temperature. is not a product but merely a 

B3nnboL] 

To determine the temperature on the hydrogen gas scale the 
constants a and ^ in the equation R^ = Rq (1 + oci + — ^this 

being the accurate relation between R^, and t — are first deter- 
mined by measuring the resistance' of the thermometer in ice, in 
steam, and in the vapour of boiling sulphur — the temperature of 
this has been determined accurately with the aid of a compensated 
gas thermometer [cf. p. 184], 

Then 



100 


(Xt + 

iofioo^ 


X 100 


a + 1^ 


Hence 


IQOpt -- 
a+ 100/? 


~ ptit - 100 ) 
a + 100/3 


100 ) 


where is termed the differenm coefficient* Since is negative, 
d is positive. It is equal to l*50 x for most samples of 
platinum. 
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Emmple.—B,o=- 12-784 ohms, Rm,o= 17-765 ohms, and R«=26-668 

ohms. Hence 


pt 


25-668 - 12-784 .. _ 1 218^ _ 

17-765 -WS I ^ = ■4¥81 " ' 


In using the difference formula we assume t pt and obtain 
t = h5 X ICh* X 268-7 X 168-7 == 6-2'" 
t « 264-9°. 

We now use this value in the difference equation and get 

t --'pt ^ 1-6 X 10^ X 264-9 X 164-9 = 6-5° 
t = 266-2° C. 

This process could be continued, but, in practice, it is seldom neces- 
sary to proceed beyond this stage. 


The Comparison OF Capacities 

Capacity.— The practical unit of capacity is the f&rad, and 
a condenser has a capacity of one farad if a charge of one coulomb 
raises its potential by one volt. 

Tor most purposes a farad is too large a unit ; we therefore 
use the microfarad as a convenient unit of capacity. It is denoted 
by the symbol and is equal to 1 X farad. 

A still smaller unit is the micro-microfarad ; this is 1 X 10“*^^ 
farad. [It is approximately equal to the capacity of a sphere 
whose radius is 1 cm.] 

The relation between the farad and E.S.U. of capacity is 
1 farads 9 x 10^^ E.S.U. 

IfiE s-9 X 10® E.S.U. 

^ -0-9 E.S.U. 

Comparison of Condensers.— (a) The circuit necessary 
for this is indicated in Fig. 46-10. To commence the experiment all 




(p 


Comparisoix of Capacities. 

the keys are open. To charge Cj the key K 4 is closed, i.e. the 
condenser Cg is short circuited, and then Kj is closed. By opening 
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Ki and closing Kg the condenser is discharged through the galyano- 
meter. Let he its throw. If Qi is the quantity of electricity 
which has passed, and E the E.M.P. of the battery, Qj = CiE. 
Kg is then closed and the experiment repeated with Cg. Then 




so that 


(5) Comparison of the Capacities of Condensers by Be Sauty*s 
Method.— -The two condensers to be compared, Ci and Cg, and two 
adjustable resistances, and Rg, are arranged to form the four arms 
of a network similar to the Wheatstone bridge arrangement of resist- 
ances— see Fig. 46*11 (a). A high-resistance galvanometer is con- 
nected across the points AB ; E is a battery of about 10 volts. This 
is connected to the bridge and mercury cups a, c, as indicated. When 
a connecting wire across ah is removed and placed across he the con- 
densers are charged, the potential difference across each condenser 
being equal to V, the E.M.F. of the battery. The resistances Ri and 
Rg, which should be large, are adjusted until there is no kick of the 
galvanometer when the condensers are charged or discharged. When 
this condition is satisfied, 

Cl _R^ 

Og Ri* 

Proof * — ^Let and Qg be the charges on the (positive) plates of 

the condensers Cj. and Cg respectively. Then 

Qi = CiV and Qg - CgV. 

To obtain the fraction of the charge on Gj passing through G on dis- 
charge, let be the instantaneous value of the current in the wire con- 
necting A to the positive plate of Ci- To reach B this may travel either 
via Ri, or via G and Rg. It will divide itself so that the instantaneous 
potential difference across Rj is equal to the sum of the instantaneous 
potential differences across G and Rg. The instantaneous current 

Ri 

through G is therefore . 5 — — r- 7 :^ . it, where G is the resistance of 

-j- Xtg -j- ^ 

the galvanometer. If this current lasts for time At, the quantity of 
R 

electricity passing is H . di. If r is the time required 

iVi + -Kg + ^ 

for the discharge, the total charge from 0 ^ passing through G is 


Rx + Rg +• P 


T 

j ijftt — 

•J n 


-f- Rg + G 


"“Ri-f- R2 + 

Similarly, the fraction of the charge on Cg which passes through G 
on discharge is 

R* ■ . 

* ^ r* v ■ ' ' 

R, -I- R, -f G ® • 


Since these charges pass in opposite directions through the galvano- 
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meter, and the total quantity passing is jsero when the bridge is 
balanced, we have 

I^iGi ~ RjCj. 

Hence' 

C, -"Ri* 

Instead of -using a battery and a tapping key, alternating current 
may be employed. A crystal, such as those used in some wireless 
receiving sets, must then be placed in series with the galvanometer, 
or the galvanometer may be replaced by a pair of phones. It is very 
essential in these experiments that the resistance coils should be non- 
inductive [cf. p. 839]. [The method of indicating that a crystal 
is in series with the galvanometer is shown in Fig. 46*11 (6).] 

The Comparison of E.M.F.’s. — To use a ballistic galvanometer 
for this purpose a condenser is charged from one cell and then dis- 
charged. The same condenser is connected in turn to the other 
cells and the throws of the galvanometer observed. Since 
Q OV = Ka^ where a is the throw, and k a constant, it follows 
that the E.M.F.’s are directly proportional to the throws. 

The Internal Resistance of a Battery, — The battery is first 
connected to a condenser and the throw, Oi, of a galvanometer 
observed when the condenser is discharged through it. A known 
resistance is then placed across the cell so that it is supplying a 
current. If the condenser is connected to the cell and the throw, 
Og, due to its discharge observed, it will be found to be smaller 
than the first throw. This is because the condenser has only 
acquired a P.D. equal to the E.M.P. of the cell on closed circuit 
under the above conditions. We have already seen 

E---Ve_V, 

B 

Since E and Vc are proportional to Oi and erg respectively, we have 

Oj — ^>2 Og 

-~B~ "" R' ■ ' ■ 

Hence B may be determined. 
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EXAMPLES XLVI 

1. -— You are supplied with an amnn^ter and voltmeter. How would 
you proceed to measure the resistance of an electric lamp ? A potential 
difference of 30 volts is sufficient to cause a current of 0*062 ampere to 
pass through it. When the potential is doubled the resistance of the 
lamp is increased three times. What is the current under these second 
circumstances t 

2. — A potentiometer wire is 100 cm. long. A constant P.D, is main- 
tained across it. Two cells, A and B, are connected in series jSrst to 
support one another and then in opposition. The balance points are 
60*2 cm. and 12*3 cm. from the same end of the wire when the two 
arrangements are compared. Calculate the ratio of the E.M.F.S of the 
cells. 

3. — ^The potential difference across a 2-ohm coil is measured by means 
of a potentiometer. The balance point is at 57*8 cm. When a Daniell 
cell is used the balance point is at 30*7 cm. What is the current in 
the 2-ohm coil? [E.M.P. of cell— 1-08 volts.] 

4. — How is the electrical resistance of a circuit dejSned ? How 
would you measurb the resistance of (a) an accumulator cell, (6) a 
galvanometer ? 

5. — Describe and explain how you would test the resistance of a 

0*l“Ohm shunt {a) using a standard 0*l-ohm coil, (5) when the smaUeat 
available standard coil is 1 ohm. • 

6. — ^Lengths of wire having resistances 1 ohm, 1 ohm, and 100 ohms 
form the sides AB, BC, and CA of a triangle ABC. One end of a thick 
copper wire X is connected to B and its other end to a variable resistance 
and one pole of a battery. The second pole of this is connected to C. 
When a high-resistance galvanometer is connected in turn across AB 
and across X deflexions of 33*5 and 32*0 divisions are obtained. If the 
length of the wire is 111*5 cm. and its diameter is 1*64 mm., calculate 
the resistivity of copper. 

7. — Explain how, with the aid of a tangent galvanometer, a standard 
1-ohm coil, a potientiometer, adjustable resistances, cells, and other 
apparatus usually found in a laboratory, you would determine the 
relation between the electromagnetic unit of current and the ampere. 
[No ammeter or voltmeter is allowed.] 

8. — ^Describe the essential features, and the principle of the action 
of a quadrant electrometer. 

Explain how you would use this instrument to compare the resist- 
ances of two metal wires. What conditions limit the magnitude of the 
resistances which can be compared in this way ? 

9. * — ^Write a short essay on the measurement of temperature above 
the range of the mercury ‘thermometer. (L. ’31.) 


*This question should only be attempted after reading the chapters on 
thermoelectricity, ©to. 





CHAPTER IXVII 

THE PHENOMENA OP ELECTROLYSE ^ ^ 

Electronic and Electrolytic Conductors. — Conductors of 
electricity may be divided into two classes— metallic or electronic 
conductors such as copper, Tbrass, graphite, and certain oxides, and 
electrolytic conductovs ov electrolytes subh as aqueous solutions 
of inorganic acids and salts, and fused salts. In both instances 
the passage of electricity is accompanied by magnetic and heating 
ejffects, but there is an essential difference between them also. 
This difference is to be found in the fact that when electricity is 
passed through an electrolyte it is always associated with a trans- 
ference of matter. This transportation only occurs in the electro- 
lyte, for when the current leaves it the matter can no longer 
accompany it and must therefore be liberated in. the electrolyte. 
In metallic conduction we do not observe any chemical change in 
the conductor as the result of the passage of electricity through it 
—the current is not associated with any motion of the substance 
of the conductor. The current in this instance is carried by 
electrons— negatively charged particles of very minute mass. 

Electrolysis.— If an electric lamp and two copper plates dipping 
into distilled water are connected to the mains the lamp does not 
glow. But, if one or two drops of concentrated sulphuric acid are 
added to the water, the lamp immediately glows. In addition, gases 
will be observed to be liberated at the copper plates. If the experi- 
ment is repeated using a strong solution of copper sulphate instead 
of the acid it will be found that gas is liberated at one plate whereas 
copper is deposited at the other. 

Electro-positive and Electro -negative Elements.— When- 
ever a compound, consisting of two chemical elements, is resolved 
by the passage of an electric current, the elements are liberated 
at the electrodes: whether these elements actually appear at the 
metal plates or not is determined by their chemical atoity for the 
solute or for the electrodes. The elements liberated at the negative 
electrode or cathode m:o said to be electro-positive ; tlaoBe set 
free at the positive electrode or anode constitute the electro- 
negative elements^ The ioimeT class comprises all the metals 
and hydrogen ; the non-metallic elements are generally electro- 
negative. Chemically there is a stronger tendency for eleotro- 
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positive elements to combine with electro-negative elements than 
there is for either class to form compounds among themselves. 
The Electrolysis of Dilute Sulphuric 
Acid [Acidulated water]. — For this experi- 
ment the apparatus shown in Fig. 47*1 is re- 
quired. It consists of three glass tubes joined 
together at their lower extremities ; two of these 
tubes are furnished with stop-cocks, whilst 
the central one is widened at its upper end. 

The two rectangular electrodes are made of 
platinum and are connected to a suitable 
battery. The two outqr limbs are completely 
Med with the acid, whilst the third limb and 
its reservoir serve to hold the liquid which 
is displaced from the other limbs when the 
current flows through the electrolyte. This 
displacement is caused by the gases which are 
liberated at the electrodes. Graduations on 
each limb enable the volume of gas to be 
ascertained and, in this experiment, independ- 
ently of the magnitude of the current or the 
time for which it has passed, it will be found 
that the ratio of the volumes of the gases in 
the two limbs is 2 :1. The application of a 
lighted match, and the subsequent blue 
flame, indicates that the larger volume of 
gas is hydrogen ; the other gas is oxygen 
[test with a glowing piece of wood]. 

If a solution of baryta, Ba (OH ) 2 , is employed the products of the 

electrolysis are still hydrogen and 
oxygen, the ratio of their volumes 
being as before. This particular 
solution is mentioned because 
the products of the electrolysis 
are exceptionally pure, so that 
pure samples of hydrogen and 
oxygen are easily obtained if pure 
barium hydroxide and distilled 
water are used in the volta- 
meter. 

So far we have only obtained 
information concerning the products of electrolysis. For the pur- 
pose of ascertaining any changes which may have occurred in 
the electrolyte itself the apparatus shown in Fig. 47*2 may be 
used. After the current has passed for some time samples of 
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Fig. 47*1. — Electro- 
lysis of Acidulated 
Water. 
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the electrolyte from regions near the anode and cathode are 
withdrawn and the amount of acid in them estimated by chemical 
methods. It will be found that the concentration has increased 
in the neighbourhood of the anode [where oxygen is evolved during 
the electrolysis] and decreased round the cathode. If, however, 
the experiment is repeated and the total amount of acid in the 
electrolyte determined it will be found to be constant. The above 
effects (which are typical of all electrolytes) may be summarized 
thus • 

{a) Water has been decomposed into its elements which appear 
separated from one another. 

{b) Although the total amount of acid has remained constant, 
local changes in concentration have occurred. 

The Electrolysis of Copper Sulphate Solution. — (a) Soluble 
Electrodes. If two copper plates are immersed in an aqueous 
solution of copper sulphate and connected to a battery, copper will 
be deposited on the cathode. At the same time the copper anode 
gradually dissolves, forming copper sulphate which replenishes the 
solution so that the total amount of copper sulphate in solution 
is constant. 

(6) Insoluble Electrodes, If, in the above experiment, the 
copper electrodes are replaced by some of platinum, copper wiU still 
be deposited at the cathode but bubbles of oxygen will be evolved at 
the anode and the copper sulphate in solution gradually diminishes. 
In its place there will appear sulphuric acid. If the experiment is 
continued until all the copper sulphate has been removed electrolysis 
will not cease, for the electrolyte will now be acidulated water and 
the products hydrogen and oxygen. [This continuation of the 
electrolysis will only proceed if the P.D. across the electrolyte is 
greater than 1*67 volts — solely to overcome the polarization or 
back E.M.E. in the electrolytic cell.] 

Faraday’s Laws of Electrolysis. — Let us suppose that three 
vessels, A, B and C, Fig. 47-3, contain copper sulphate solution, 
in each one a sheet of copper forms the cathode, whilst the anode 
is of platinum and dips underneath an inverted test-tube which is 
filled with water. A and B are connected together in parallel, this 
combination then being placed in series with 0, a battery, and an 
ammeter. The current is allowed to flow, and it will be observed 
that the total quantity of oxygen collected in the test-tubes in 
A and B is equal to the amount in C. Similarly, the total mass of 
copper deposited on the cathodes in A and B is equal to the mass 
deposited on the third cathode. Furthermore, if the experiment 
is continued for different lengths of time, it wiU always be found 
that the quantity of copper or oxygen liberated is directly pro- 
portional to the time. These results are summarized in Faraday’s 
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First Law of Electrolysis wMoL states : The mass of a substance 
liberated from an electrolyte is directly proportional to the 
current and the time. When 1 ampere flows for 1 second the 



unit quantity of electricity has passed along the circuit ; hence the 
above law* may be re-stated : The mass of a substance liberated 
from an electrolyte is directly proportional to the quantity 
of electricity which has been employed. 

If solutions of copper sulphate, silver nitrate, and sulphuric acid 
are connected in series and the same current passed through each 
cell, then experiment shows that the mass of copper deposited is 
to the mass of silver as 31*8 : 108, i.e. for every 31-8 gm. of copper 
deposited there are 108 gm. of silver set free. Under the same 
circumstances 1*008 gm. of hydrogen will have been collected. 
Now these numbers are the chemical equivalents of the respective 
elements, so that these results may be summarized thus: The 
mass of a substance liberated by a given quantity of electricity 
is proportional to its chemical equivalent. 

Electrochemical Equivalents. — The mass of an element 
liberated when 1 ampere flows for I second through an electrolyte 
is termed the electrochemical equivalent of the substance. Thus 
the statement that the electrochemical equivalent of silver is 
0*001118 gm. signifies that this mass of silver is deposited by unit 
quantity of electricity, i.e. by one coulomb. This fact has been 
established so well that it provides a ready and accurate means of 
verifying the indications of an ammeter, or voltmeter. The latter 
instrument must be shunted across a 1" coil [cf. p. 755]. 

The quantity of electricity necessary to liberate one gram- 
equivalent of a substance by electrolysis is termed a faraday. 
Accurate experiments have shown that 

1 faraday = 96,600 coulombs =5 26*8 ampere-hours. 
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Voltameters*— To determine the electrochemical equivalent of 
a substance or, when this is known, to measure a quantity of 
electricity, voltameters are used. A silver voltameter due to 

Richaeds is indicated in Eig. 474. 
The cathode is a platinum crucible 
containing a freshly prepared 10 
per cent. AgNOg solution. The 
anode consists of a pure silver 
rod wrapped in filter paper and 
immersed in AgNOg solution. The 
anode and cathode compartments 
are separated by a porous pot to 
diminish certain small disturbing 
factors. Richards found this to 
be necessary in accurate work. 

Eor students* use and when 
results of the great- 
est accuracy are not 
required a copper 
voltameter or coul- 
ometer is employed. 

Three sheets of cop- 
per are placed in 
the electrolyte, the 
two outer ones constituting the anode while the 
inner one is the cathode. If ordinaiy sheet cop- 
per is used the electrodes should be enclosed in 
paper bags to prevent impurities from straying into 
the electrol 3 rte. The electrolyte may be stirred by 
passing a stream of hydrogen through it. This 
latter precaution is only necessary when the volta- 
meter is in use for considerable periods. 

Electricity Meters* — Large quantities . of elec- 
tricity may be measured by a meter due to Weight 
—see Eig. 47*6, Only a small known fraction of the 
current passes through the meter. The anode is 
mercury contained at a constant level in A by nieanB 
of a reservoir B. The mercury in A is in the form 
of a ring. A piece of iridium foil C forms the 
cathode. The electrolyte is a solution of mercuric 
iodide in aqueous potassium iodide. At the cathode 
the product of electrolysis is mercury, and since this _ 
does not amalgamate with iridium, drops of mercury 
fall through the funnel into the U-tube D. This tube ^ Wright^ El^ 
is graduated so that the volume of mercury may be tricity Meter. 


Fia. 47*4. — Silver Voltameter. 
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read off. This volume is a measure of the quantity of jeleotricity 
which has passed in the main circuit. When D is full the mercury 
siphons over and is collected at E : another scale gives the volume 
of mercury collecting there. The amount of mercury in solution 
remains constant for the anodic mercury dissolves. When the 
instrument is inverted the mercury flows from E to B and the 
instrument is again ready for use. E is a fence of glass to prevent 
mercury passing from the anode to E should it receive an accidental 
mechanical shock. 

The Resistance of Electrolytes. — direct current cannot be 
employed in general for the determination of the resistivity of an 
electrolyte because of the polarization occurring at the electrodes. 
Kohleausch used alternating current and designed the following 



(DIstancQ Between electrodes) 

Fio. 4:7*6.— A Kohlrausoh Bridge (Besistanc© of an Electrolyte). 


bridge which has been named after him. He showed that the 
frequency of the alternating supply must be large — 60 seo,"“^ or 
more— "if the above effects are to be eliminated. A small induction 
coil is therefore used. The electrolyte is contained in a glass tube 
provided with rubber bungs through which the electrodes pass. 
Reference to the bridge shown in Fig. 47*6^ shows that it is 
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similar to a Wheatstone bridge : only since alternating current is 
used a telephone replaces the usual galvanometer. As the jockey 
moves along the bridge wire the sound in the ’phones varies. 
When this sound is a minimum— complete silence is seldom obtained 
—we have the ordinary Wheatstone bridge relationship, viz., 

S 

where R is the resistance of the electrolyte, S a known resistance, 
and Zi and Z^ the lengths of the corresponding parts of the bridge 
wire. [If the sound is a minimum over a range of the bridge 
wire instead of at some definite point, the extent of this range 
should be recorded and its centre considered to be the true balance 
point.] 

Now, in general, ^ ~ • ^9 where the symbols have their usual 


meanings. In this instance a cannot be deduced directly because 
the electrodes do not fit the tube and the lines of current flow are 
not linear — see Fig. 47'6 (6). To obtain a value for o, R is deter- 
mined for various distances, A, between the electrodes. The relation- 
ship is a linear one if A is not less than about 1*5 diameters of the 


(T ^ 

tube, i.e. R == + <5, where c is a constant. The slope of the 


line gives so that a may be obtained. 


An alternative cell is shown in Pig. 47*6 (d). A glass tube, G, 
of uniform width is held by rubber bungs in the manner indicated. 
The electrodes are fixed in position relatively to the tubes H and 
K. Now the resistance actually measured when such a cell is 
used is the resistance offered by the electrolyte in 6 together with 
a resistance arising from the presence of the liquid between the 
electrodes and the ends of G. This latter resistance may be elimin- 
ated by repeating the experiment with a portion of the tube re- 
moved, the distances from the ends of the tube to the electrodes 
being constant. The difference between the two resistances thus 
determined gives the resistance of the electrolyte in the portion 
of the tube cut off. If the mean diameter and length of this portion 
are known the resistivity of the solution may be calculated. 

Ohm’s Law for Electrolytic Conduction.— To obtain the 
characteristic of an electrolyte the apparatus shown in Fig. 47*7 
may be used. The electrolyte [acidulated water] is contained in 
a cell of the type indicated, the connecting tube having a diameter 
of 1 cm. and the electrodes being platinum coated with platinum 
black. The current through the cell is changed by altering the 
sliding resistance, A, which is used as a potential divider, the our- 



oi F 

Fia. 47*8.— Characteristic Curve for an Electrolyte (Acidulated Water). 

current through the cell and the P.D. across it are obserTed. The 
cxirve shown in Mg. 47*8 represents the resxdts thus obtained. 

This characteristic is a straight line, but it does not pass through 
the origin of co-ordinates. This is because the back E.M.F., t?. 
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in the ceil must be overcome before any current will pass 
through it. If V is the applied P.D. as measured by the potentio- 


meter, then the above graph shows 



to be constant. This 


does not mean that Ohm’s law is not true, for the e:spression merely 
takes this particular form since the potentiometer measures the 
P.D. necessary to overcome the back E.M.P. together with that 
necessary to send the current through the cell. The resistance of 


the liquid column is 



, We can only speak of Ohm’s law in 


reference to electrolytes, i.e. there will only be a linear relationship 
between the available potential difference (V — v) and the current 
i, if the current passed through the electrolyte is so sanall and 
exists only for such a short time that the concentration of the 
electrolyte is not altered, for otherwise we should violate one essen- 
tial condition of Ohm’s law, viz., the state of the conductor must 
remain constant. 

With copper electrodes and an aqueous solution of copper sulphate 
the characteristic obtained in the above manner is a straight 
line through the origin because the back E.M.P. in this instance 
is zero. 

Por success in these experiments it is advisable to begin with 
the largest value of the current and graduaUj^ reduce it to zero. 
If this is done the back E.M.P. in the cell soon attains its maximum 
value and conditions become steady. 

Electrolytic Dissociation Theory. — ^The two salient facts 
which any satisfactory theory of electrolysis must explain are 
(a) the transfer of electrioity and (6) the transport of matter through 
the electrolyte. Following on the pioneer work of Guothuss 
and Clausius, in 1887, Abrhenius brought forward his theory of 
electrolytic dissociation. According to this, the conductivity of 
an electrolyte is attributahle to the presence of free ions in the 
solution. These appear spontaneously whenever solution takes place. 
In electrolysis they consist of atoms, or groups of atoros, carrying 
one or more elementary electric charges. If the charge is positive 
the ion is called a cation since it moves towards the cathode {— ve) 
under the influence of an electromotive force. Similarly the anion 
is the ion with a negative charge.^ It is necessary to assume that 
these ions do appear immediately solution occurs since Ohm’s law 
is true for eleotroljdies. If Ohm’s law were not valid, it would 
imply that work was necessary to split up the molecules of the 
dissolved substance before conduction in such an instance could 


^ This charge is equal to that on an electron — ^the so-called elementary 
charge. The charge on the positive ion of a monovalent element has a 
charge nixmerically equal to that of an electron. 
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occur. Thus the P.D. across an electrolyte would be greater than 
that implied by Ohm’s law. Moreover, the theory assumes that 
there is a constant interchange of ions between the molecules, and 
at any instant there is a large number of ions in the act of migrating 
from one molecule to another. Thus in an aqueous solution of 
copper sulphate, some of the sulphate molecules are broken up into 
Cu ions (cations) and SO4 ions (anions). The copper ions carry 
two positive charges, a fact which is symbolized thus : Ou’". The 
sulphate ion is denoted by 804*^. These ions are free to move at 
random throughout the cell before the E.M.E. is applied. When it is 
applied a directive force is exerted upon them, the anions ( ’— ) mov- 
ing towards the anode (+}andthe cations {+) to the cathode ( — ). 
Thus, when a solution of copper sulphate is electrolysed the copper 
cations move to the cathode where they lose their charges and copper 
is deposited. On the other hand, the sulphions (—) move to the 
anode and lose their charges. If this is made of copper the free SO4 
radical combines with the copper electrode and copper sulphate passes 
into solution. If, however, platinum electrodes are used copper is 
deposited on the cathode, but the free SO4 radicals are unable to com- 
bine with platinum so that they react with the water as follows 

2SO4" + 2H2O “> 2H2SO4 + O2I" + four negative charges which 
pass from the electrolyte. 

The electrolytic decomposition of dilute sulphuric acid is explained 
by supposing that the free ions are H‘ and 804^. The cations (+ ) 
are directed under the influence of the electric field towards the 
cathode (—) where their charges are lost and they combine to give 
bubbles of hydrogen. The sulphions are directed in the opposite 
direction and, with platinum electrodes, eventually give rise to the 
formation of oxygen as previously explained. The net result is the 
decomposition of water. 

H2S04~^2ff + 804^ 

2H- + 2e~->2H~>H2 4' 

2[S04^+ H2O3 + 4 @ 2H2SO4 + O2 i 

Experiment passage of sodium ions through glass may be 
shown in a very striMng manner. L, Fig. 47-9, is a carbon filament 
lamp whose filament is raised to incandescence by means of a battery 
AB. This lamp is partly immersed in an iron trough containing 
* molten sodium nitrate. The positive pole of the battery AB is con- 
nected to the negative pole of a high-tension battery CD, the positive 
pole of which is joined to the trough. A galvanometer, 0, shunted 
by a resistance, S, if necessary, indicates the passage of a current in 
the circuit LGDCL. After about one hour the walls of the lamp are 
covered on the inside with a deposit of metallic sodium. To explain 
this we have only to consider the positive sodium ions which move 
under the influence of the electric field between the trough and the 
filament towards the latter. They pass through the glass [which 
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contains soditnn] into th© bulb. Her© they com© into contact with 
electrons which are continually shot off from the hot filament so that 
their positive charges are lost and they become normal sodium atoms. 
These move to the cooler parts of th© bulb where they are deposited. 



Electrolytic Solution Pressure. — ^Th© following theory was pro- 
posed by Nbrnst. Every metal has a tendency to ionize, i.e. to 
acquire positive electricity and enter solution as a cation. With the 
noble metals this tendency is slight ; with copper it is greater ; with zinc 
still greater ; while with the alkali metals it is very high indeed. To 
each metal Nemst ascribed a definite electrolytic solution pressure; 
it is a measure of the tendency which a metal has to form ions when 
placed in contact with a solution. This pressure is high for alkali 
metals, low for gold, platinum, etc. 

Let us consider a zinc rod dipping into an aqueous solution of a 
zinc salt. In virtue of th© solution pressure of the zinc, there is a 
tendency for it to pass into the solution as zinc ions— zinc atoms with 
a double positive charge [ -h 2e where — e is th© charge on an electron 
in E.S.U.], represented Zn". But this already contains zinc ions 
which, in virtue of their osmotic pressure, tend to deposit themselves 
on the zinc. In this particular instance the solution pressure ©xceeds 
the osmotic pressure of the ions, so that, on the whole, th© zinc rod 
lo^s more positive electricity then it gains; its potential becomes 
negative with respect to that of th© solution. A condition of equi- 
librium is reached almost at once, however, for the negative charge 
on the zinc prevents th© transfer of positively charged ions from it. 
The amount of zinc transferred is unweighable. 

When a copper rod dips into an aqueous solution containing copper 
ions — doubly charged, Cu'* — ^th© osmotic pressure of the ions exceeds 
the solution pressure of the metal, which therefor© becomes positively 
charged with respect to th© solution. 

The equilibrium set up in these instances may be represented by 
equations. simhv as. ... 

Zn ^ Zn**Hh 2 0, 
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An essential featxare of the equilibrium is that the metal acquires 
a potential relative to the solution— an electrode potential — the magni- 
tude and sign of which depend on the nature of the metals and the 
concentration of the corresponding ions in solution. 

The DanieU Cell.— If two such metal electrode systems, e.g. 

Cu j a solution containing Ou'* ions 

and Zn I a solution containing Zn*‘ ions, 

be combined by establishing contact between the respective solutions, 
a voltaic cell of the type 

CujCu** solution : Zn** solution [Zn 

is obtained. The admixture of the two solutions must be prevented 
as far as possible : this is conveniently achieved by allowing them 
to make contact within the pores of a porous pot. SmaR potential 
differences may arise at the junction of the two solutions, but they 
seldom exceed a few millivolts and can be neglected for the present 
purpose. This being the case, the two metal electrodes or poles of 
such a cell will, in general, be at different potentials. In fact if 6+ 
is the electrode potential of the more positive (or less negative) elec- 
trode, and e- that of the more negative (or less positive) electrode, 
the potential difference between them is given by 

• E = ' 

where E is the E.M.F. of the cell. In the example above [the Baniell 
cell], the copper polo has the more positive electrode potential and 
therefore forms the positive electrode of the cell, i.e. 

E « ecu — 

A Daniel! cell set up according to the scheme 

Cu j CUSO 4 solution : ZnSO^ solution | Zn 
undergoes no change on standing since when the electrode equilibria 
Cu ^Cu“ 4-2© and Zn # Zn" 4-20 

are established no further action occurs. If, however, the copper 
pole be connected to the zinc pole by means of an external metallic 
conductor, e.g. a metal wire, a positive electric current immediately 
flows from the copper along the wire to the zinc (or there is a flow 
of electrons in the opposite direction) in an attempt to equalize the 
potentials of the two electrodes. Now as far as the capacities of the^e 
poles are concerned, the passage of a small quantity of electricity 
would suffice to bring about this equalization if no other effects 
occurred. Actually, however, the passage of the current upsets the 
equilibria between the metals and their respective ions in the solutions, 
and, in accordance with the fundamental principle of disturbances of 
equilibrium, some process or processes immediately come into opera- 
tion in an attempt to restore the original equilibrium. At the copper 
pole the passage of the current is removing positive electricity : the 
reaction . 

' '■(3u**''— »-'Gu 4 -' 2 © 

therefore takes place in an attempt t5 restore the staAm quo. At the 
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zinc pole the passage of the current is removing negative charges ; 
the compensating reaction is therefore 

Zn “— >■ Zn** -f* 2r0. 

Thus at the positive pole Cu” ions are discharged to form metallic 
copper whereas at the negative zinc dissolves to form zinc ions — Zn*‘. 
Adding these two electrode reactions, the total cell reaction is 
Zn + On** — > Cu d- Zn" 2 elementary charges. 

The maintenance of a continuous current from the cell is dependent 
on the continued occurrence of these reactions : in fact these reactions 
are the source of the electrical energy. 

The two solutions being electrolytic conductors afford the return 
path for the current, which passes tlirough them in virtue of the 
migration of their ions. The movement of Ou‘* ions towards the 
copper pole and of Zn** ions away from the zinc pole are the essential 
I features of the conduction of the current tlirough the solutions : the 
other feature is the migration of the SO/' ions in the opposite direc- 
tion so that those left unpaired by the discharge of Cu** at the copper 
pole move towards the zinc pole so'a^ to be paired with Zn** ions 
formed there. If these SO4" ions are taken into account, the total 
cell reaction may be written 

Zn -I- Cu‘* + SO 4 " = Cu + Zn* -f SO 4 " + 2 elementary charges 

or Zn + CUSO4 == Cu + ZnSO* -f 2 elementary charges, 
since copper sulphate in solution exists in equilibrium with its ions 
CuS04^Cu” + SO4" 
and zinc sulphate as ZnS04 ^ Zn*’ 4- SO4" 

If an inquiry regarding the source of electrical energy from the 
Laniell cell is begun it will be seen that the reaction 
Zn -b CUSO4 — > Cu + ZnSOi, 

which represents the net chemical change when the cell is being dis- 
charged, is a reaction which occurs directly if zinc is actually put into 
a copper sulphate solution. It is, in fact, an ordinary spontaneous 
chemical process which takes place readily if the reacting substances 
are placed in contact ; in this mstance, of course, no electrical energy 
is produced but merely heat — ^the ordinary heat of reaction. In the 
Baniell cell this same chemical action is made to occur in an abnormal 
fashion. The reacting substances are not in direct contact, but there 
is an electrically conducting path between them. When the circuit 
is completed the reaction takes place in two separate parts — -dissolu- 
tion of zinc from one pole, deposition of copper on the other. The 
net chemical result is the same as in the direct reaction, but in this 
instance electrical energy is obtained instead of heat. 

In either case this energy comes from the chemical energy residing 
in the system, Zn -f CUSO4, and it is this energy wliich brings about 
the chemical change. In the direct reaction tins appears as heat, in 
the ceil reaction as electrical energy. Similarly any voltaic cell may 
be regarded as a device whereby some spontaneously occurring chemical 
reaction ip harnessed so that its chemical energy appears as electrical 
energy instead of as heat. 

In setting up the Daniell cell it is not necessary to use zinc sulphate 
solution in the porous pot round the zmc. Dilute sulphuric acid may 
be used since zinc sulphate is formed as soon as the discharge of the 
cell is commenced and the lower the concentration of the zinc ions,. 
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the higher the E.M.F. of the cell. The presence of acid has the 
advantage of decreasing the resistance of the solutions, but the dis- 
advantage of facilitating H* ion discharge at the copper electrode 
where it diffuses and migrates into the copper sulphate solution. 

In operation the concentration of zinc ions is limited by the solu- 
bility of zinc sulphate : the concentration of the copper sulphate is 
usually kept up to saturation value by hanging a bag of the crystals 
in the solution. Thus the E.M,P. is well maintained. 

gram-equivalent of a substance is a 
quantity in grammes equal to its chemical equivalent. Thus, the 
atomic weight of silver is 108 — its valency being unity. Its chemical 
equivalent is therefore 108. A gram-equivalent of silver is there- 
fore 108 gm. Copper is bivalent and has an atomic weight 63 : 
its chemical equivalent is 31*5 and a gram-equivalent of copper 
is therefore 31 -5 gm. 

A gram-atom of an element is a quantity in grammes equal 
to its atomic weight. Similarly a gram-molecule of a substance 
is a quantity in grammes equal to its molecular weight. A gram- 
ion is a quantity in grammes of an ion equal to the sum of the 
atomic weights of its components. Each gram-ion of a monovalent 
substance carries a charge of 96,600 coulombs. If the valency is 
V, the charge on a gram-ion is 96,500 .v coulombs. 

Ionic Mobilities.— The distance through which an ion moves 
^per second when the potential gradient is one volt per cm. is termed 
the mobility of the ion. A discussion of the methods of determining 
mobilities would take us beyond the r i 

scope of this book so that we shall be r| 

content with a description of a direct 
method of determining the mobility 

of a Cr 307 ion. This is possible since mm 

such ions colour the solution through . ii wi 

which they move. Aqueous solutions 

of potassium bichromate and of A ^ S 
potassium carbonate, each having the 

same resistivity, are arranged as in- Ef: EE 

dicated in Eig. 47*10. A and B are £5^ IsT: 

two platinum electrodes about 30 cm. ^ 

apart. The voltage across the tube is ^ l|f| 

such that the potential gradient is ^ M§ 

about 3 volts per cm. This is uni- 111 fill 

form since the resistance per unit . 

' : length ' is , constant. The"' .CraOy ■ ions ^ 

move towards A, their motion causing ^ 

the line of demarcation between the Ionic Mobilities, 

two solutions to travel upwards at a rate of about 1 cm. in 10 
minutes under the existing potential gradient. 
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Relative Ionic Mobilities.— Let us consider the motions of the 
ions of a simple electrolyte. If, under a given potential gradient, 
the anion and cation move with different velocities, such differences 
are manifested by the changes in concentration which occur in the 


Three negative 
chargee given 
up here 

negative 
charges given 
up here 


Fia 47-11. 

electrolyte near to the electrodes. Let Pig. 47*11 represent suc- 
cessive stages in the electrolysis, where the vertical dotted line indi- 
cates a permeable diaphragm dividing the cell into two parts. Let 
the velocity of the positive ions be twice that of the negative ions. 
Initially the molecules are assumed to be as in the first row and for 
simplicity we shall suppose that the distance from one molecule to 
the next is constant — caU it A. At a later instant when the positive 
ion has moved a distance 2A the negative ion will have moved a 
distanced and the state of affairs is represented in the second row. 
We notice that three charges of each sign have been liberated and 
that in the region of the anode (the anolyte) there has been a 
diminution in concentration of two molecules while the catholyte 
has suffered a loss of one molecule. 

Similarly, in the stage represented in the third row when the 
positive ion has travelled a distance 4A and the negative ion a 
distance 2A, there is a liberation of six charges of each sign, and a 
loss of four molecules in the anolyte and two in the catholyte. 
This result is perfectly general and we may write 

Diminution in concentration at anode 
Diminution in concentration at cathode 

~ positive ion, i.e., cation 

\ velocity of negative ion, i.e., anion Va' 

Hence, by determining the changes in concentration at the anode 
and cathode we discover the ratio of the mobilities of the particular 
ions investigated, for the ratio of the mobilities is equal to that 
of the ionic velocities under the given experimental conditions. 


Va. 




Three positive 
charges given- 
up here 

5iX positive-- 
charges given 
up here 


loss»fmoleci//e 


Loss-2 maleculen 
< Catholyte- 


+ 


“”?>• I *<— 


Loss-^ 2 molecules 

Loss ^4 molecules 
-Anolyte -— — -> 


ELECTROLYSIS 791 

It is more usual to express the results of such iuTestigations in 
terms of the tran^jpor^ numbers of the iom. The transport 
number, of a positive ion is defined as the ratio 

% 

^ — £ — . 

Va + V^ 


Potential decreases in 
this direction 


Similarly Wa = — ~ — . 

Va+Ve 

Hence % + = 1. 

The transport number of an ion in a given electrolyte indicates 
that fraction of the total current carried by such an ion during 
electrolysis. 

Ionic Velocities. — It has just been shown how the ratio of the 
velocities of the ions present in a solution may be determined in 
a given instance. In order to obtain absolute values of these 
velocities it is necessary to obtain another relation between them. 
Kohlbausch first did this by finding an expression for the con- 
ductivity of a solution containing the ions in question. Since the 
conductivity could be measured, the other relation between the 
velocities of the ions then became known. 

Let us assume that the concentration of the solution is m gram- 
molecules cm.“"^; further, let there be complete dissociation, so 
that the concentration of 
the ions is also m gram-ions Potential decreases in 
cm."”® if, for simplicity, we 
assume each gram-molecule 

to be capable of dissociating fr*’" j X 

into two gram-ions. Each 1 ^ ] 

gram-ion of the positive ion ^ \j 

has a charge 96,500 cou- ^-- 7 — ^ / . 

lombs associated \rith it, if Unit area “ ukanta^^ 
we assume the ion to be (^) (5) 

monovalent. Similarly, Fig. 4:7-12.-~Iomc Velocities, 

there is an equal amount 

of negative electricity carried by one gram-equivalent of the 
negative ion. m 

Consider a plane of unit area at right angles to the direction 
of the current — see Eig. 47*12 (a). Then in one second the amount 
of positive electricity passing across this plane is 

. 96,500 coulombs. 

Similarly, 96,500 coulombs of negative electricity pass per 
second in the opposite dkeotion. The effective transport of 
electricity is the sum 

since there are unlike charges moving in opposite directfons. 


Unit area 

CcO 

Fig. 47- 12.- 


Jtarlr^^^ 

(b) 


-Ionic Velocities. 
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To obtain anotber expression for the flow of electricity per 
second, let k be the conductivity of the solution (the conductivity 
is the reciprocal of the resistivity). Suppose that E is the drop 
in potential per unit length normal to the plane considered. Let 
jdx, Fig. 47*12 {b)f be the length of a small element of the solution 
of cross-section unity. Then the resistance of this element is 
given by 




1 M 

/c* 1 ‘ 

Hence the current is given by 

potential difference E .Ax 
~~ resistance Ax 

K 

The quantity of electricity passing per second is therefore kE. 

E 


kE. 


{Vc + Va) = - 


m 96,500 


A- 


H 





JS 


Vmljt 




Direct Determination of the E.M.F* of a Cell, — A coil R, 
Fig. 47-13, whose resistance over a small range of temperatures has 

been determined, is immersed in 
oil which is well stirred. A steady 
current from a battery D is 
passed through this coil and it is 
measured by the copper voltameter 
V. The cell E whose E.M.F. is 
required is connected through a 
resistance of 10,000''" and galvano- 
meter to the ends of R. The 
current is adjusted until the gal- 
vanometer deflexion is zero. The 
10,000" resistance serves to prevent 
large currents being taken from 
the *" 0011 . When an approximate 
balance has been obtained the 
resistance S is short-circuited by 
the key Kg and the balance point 
redetermined. If t is the current 
through V and also through R 
when the galvanometer deflexion 
is zero, the potential difference 
across R is iR where R is the resistance of this coil at the mean 
temperature of the experiment ; this P.D. must be equal to E. 

Current Efficiency . — We have seen that the quantity of elec- 
tricity necessary to produce one gram -equivalent of a substance by 


D 




Fig. 47 * 13 .— Direct Determination 
of E.M.F. Qf a CeU. 
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electrolysis is 905500 cotilombs or 26*8 ampere-lioiirs. Now this 
is always the minimum quB^ntitj required. This is not caused 
by any invalidity of Faraday’s laws, for carefnl experiments 
carried out both with aqueous and non-aqueous solutions and with 
fused salts have shown that one gram-equivalent of substance is 
always set free at the electrode when 96,500 coulombs of electricity 
pass through the electrolyte. Frequently, however, the first product 
of the electrolysis may react with the electrode or electrolyte or 
be separated in a form difficult to collect. These are some of the 
reasons why more electricity than the theoretical quantity is neces- 
sary to liberate a specified amount of substance. As an extreme 
instance we may cite the electrolysis of aqueous potassium chloride 
between copper electrodes. Although potassium and chlorine are 
the immediate products of the electrolysis neither appears j for the 
potassium reacts with the water forming potassium hydroxide and 
hydrogen, while the chlorine attacks the electrode at which it is 
liberated and forms cuprous chloride. 

The ratio of the yield actually obtained to that calculated from 
Faraday’s laws is termed the efficiency. 

Some Practical Applications.— The process of electrolysis 
plays an important r61e in many industries. Copper is refined for 
use in electrical cables, base metals are coated with more expensive 
metals [sfiver-plating], hydrogen and oxygen are prepared eleotro- 
lyticaUy, chlorine is obtained from sea water, and aluminium is 
recovered from its ores. 

In the manufacture of electric lamps it is always necessary to 
test the “life” of several bulbs selected from a given batch. To 
do this a copper sulphate solution is placed in series with the lamp. 
The current is switched on, and continues until the filament of the 
lamp breaks. The deposition of copper in the electrolytic cell 
ceases, and from the mass of copper deposited the duration of the 
current is found, i.e. the “ life ” of the bulb is known. Nowadays 
when lamps can be run for at Ipast 1,000 hours, it is better to shunt 
the electrolyte with a small resistance, so that only a known fraction 
of the current through the lamp is available for the electrolysis. 
This procedure enables smaller quantities of sulphate solution to 
be used. 

Electrolytic action is also the cause of much annoyance. If ah 
electric cable passes through a damp region, eleotrol3djic action is 
set up, for the water contains dissolv^ salts, and this in time 
eats the cable away. When the cable has only one or two 
strands remaining the electrical resistance is high compared 
with its original value, so that considerable heat may be de- 
veloped at this spot. In extreme cases the heat liberated causes 
a fire. 


794 . MAGNETISM AN.D ELECTRICITY . 

■ Secondary Cells or Accumulators.— The principle, upon which 
the action of a secondary cell depends is illustrated by the next 
experiment. In fig. 47-14 A and C are two lead plates immersed 

in dilute sulphuric acid. A battery B 
and voltmeter V are connected as shown. 
By closing the key Kj a cuiTent is passed 
through the cell in the direction from 
A to 0. Hydrogen appears at the 
cathode (— ) and oxygen at the anode 
(+). After a short time the surface of 
A is covered with a brown layer of lead 
peroxide (PbOa) ; the hydrogen at C does 
not enter into chemical combination with 
the lead so that this plate remains in the 
metallic state. The cell is now in a 
“ charged condition, i.e. it is capable 
of supplying electrical energy. This is 
easily demonstrated by opening the key 
Kj and closing Kg; the voltmeter V 
will indicate 2 volts at first. After 
a little while the voltage drops rapidly to zero. During this 

discharging ” of the ceil, the peroxide disappears and both plates 
become coated with white lead sulphate (PbSOi). The charging 
process may now be repeated, the oxygen at A converting the PbS 04 
into the peroxide, whilst the hydrogen at C reduces the sulphate 
to lead. During these processes the lead at C becomes spongy so 
that a greater surface is available for use, but the mechanical 
strength of the cell has been impaired. 

In order to obviate the tedious process of forming the lead plates, 
Paueb, in 1880, coated the plates with a paste consisting of red 
lead and sulphuric acid. This is equivalent to a lead sulphate 
paste, the plates being “ formed by the passage of a suitable 
current. The chemical changes which occur in accumulators may 
be represented as follows : — 

(a) During “charge."’ In this process the current is passed 
through the electrolyte jfrom the anode to the cathode, sulphions 
(SO 4 ") travelling to the anode and hydrogen ions (H*) to the 
cathode. At the anode the lead sulphate is converted to lead 
peroxide, as follows, 

PbSO* + so;' + 2HgO PbOg + 2 H 2 SO 4 + 2 0 , 

the two elementary charges being set free. 

At the cathode the lead sulphate is reduced to lead and positiye 
electricity liberated— ; 

, PbS 04 + 2ff -^Pb + HgS 04 . + 2 @ ' 
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(b) During discliarge.’* When this occurs, the current passes 
through the electrolyte from the cathode to the anode, the hydrogen 
ions being driven towards the anode by the electromotive force 
in the cell. The sulphions travel in the opposite direction. The 
reactions at the anode and cathode may be represented respectively 
by the equations 

FbOa + 2H* + HaS 04 PbSO^ + 2 H 2 O + 2© 

Pb + SO/' PbS04 + 2 ©. 

These equations show that during the process of charging the 
cell sulphuric acid is set free, i.e. the density of the electrolyte 
increases; during discharge the density falls. 

The state of a cell is ascertained by observing the density of 
the acid. The acid ^ of a folly charged cell has a density of 1*25 gm. 
cm.”^, at room temperature. 

The improvements of modern accumulator^ are due to the use 
of ‘‘grid’’ plates, which secure the paste more effectively; 

The use of accumulators is due to the fact that their E.M.F. is 
large, 2 volts, and their internal resistance is low, so that they can 
supply large currents. Unlike primary cells they may be recharged. 
Against these assets must be set the following disadvantages ; their 
cost is high, they must be treated carefully, and their mass is 
considerable. After about two or three years’ use their efiSciency 
is very low, i.e. only a small fraction of the electrical energy spent 
in charging them is re-available. It is believed that this gradual 
decline in the ejBfioiency is due to traces of iron in the lead plates. 

How to Charge Lead Accumulators. — Let Ti and T^, Fig. 


D.C. Mains 



Fxa. 47* 15.-— Charging Aceumnlators. 


47*16, b© the terminals of the mains supplying direct current. It 
will he assumed that the negative terminal is earthed and that 

^ Dilute HjsSO* of this strength may be made as follows s add 289 cm.* 
cone. HtSO* to 1,000 cm.* distilled water. » 
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the mam switoh is on the Mgh potential side of the installation. 
Siippose that B is the battery to be charged. The negative 
terminal of B is connected to Ti through an ammeter A. 
Li, Ljs, Ls, etc., are lamps in parallel with one another. Switches 
Ki, Eis, Ks, etc., are arranged so that the number of lamps in 
parallel may be varied and the current adjusted to lie within 
the limits of the charging current specified by the manufacturers 
of the cells. 

A battery is fully charged when, with the current flowing at 
the normal charging rate, all cells are gassing freely and evenly, 
and the density of the acid is a maximum, viz. 1*25 gm.cm.“^ at 
normal temperatures. 

On the Care of Accumulators.— If the cells are received “ dry,’' 
i.e. without containing acid, they should be filled with sulphuric 
acid of density 1*25 gm. cm.""® to the “ acid-level ’’ line, i.e. to a 
height about 1 cm. above the top of the plates. The ceils should 
be allowed to stand for twelve hours and sufficient of the above 
acid then added to restore the acid to its original level. The battery 
should then be charged at its normal rate for two days, the tem- 
perature never being allowed to rise above 40® C. During the 
end stages of this charging process, gas should be freely evolved 
from the cells and the voltage across each cell should remain 
constant. 

The cell is then ready for use. The state of its charge at sub- 
sequent times is ascertained from observations on the density of 
the acid by means of a hydrometer. It has already been men- 
tioned that the cell is fuUy charged when the density of the acid 
is 1'25 gm. cm.""® : at half charge the density is 1-18 gm. cm,“® : 
the cell is fully discharged when the density is Idl gm. cm.“®. 
Under no conditions should the acid density be allowed to fall 
below 1*16 gm. cm.“® so that the formation of lead sulphate on 
the plates — sulphating ” — ^is thereby reduced. 

From time to time distilled water must be added to the cell to 
compensate for evaporation. If a cell is to remain idle it should 
be fully charged and then “refireshed’^ every month. 

Great care should be taken never to short circuit an accumulator 
since when a heavy current is taken iErom the cell its plates tend 
to become buckled. The heat evolved during such a discharge 
tends to loosen the material on the plates. 

It is also essential to see that the acid used is free from dissolved 
metallic salts since the metals would eventually be deposited on 
the plates by electrolysis and local action occur. 

The Edison Storage Cell* — ^In recent years a new form of 
accumulator has appeared ; it is known as the Edison storage cell. 
It Was designed with a view to being less massive but more robust 
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than the lead aconmnlator. The positive plate is composed of 
nickel hydroxide and flake nickel or graphite ; the nickel hydroxide 
constitutes the active material, but since it is a non-conductor of 
electricity the nickel or graphite is added to render the plate con- 
ducting. After the plate has been formed the nickel hydroxide 
is replaced by nickel peroxide — ^this latter substance is used in the 
presence of water, so that its formula may be written Ni(OH) 4 , 
i.e. MOa + 2 H 2 O. The active material in the negative plate is 
finely divided iron. These two plates are immersed in a 20 per 
cent, solution of caustic potash containing a small amount of 
lithium chloride. 

The active mixture for the positive plate is compressed into a 
steel tube which is perforated over its cylindrical surface so that the 
alkali may have easy access to it. The tubes are made of very 
thin cold-rolled carbon steel which is nickel plated after the tube 
has been made. The tubes are about 12 cm. long and 0*5 cm. 
in diameter. 

The negative plate consists of steel boxes each 7*5 cm. long, 
1-2 cm. wide and 0-3 cm. thick. They are made of steel and are 
nickel plated. The finely divided pure iron is placed in these 
pockets, and a trace of mercuric oxide (HgO) added to lower the 
resistance of the electrode. 

The chemical reactions which occur in the cell may be summarized 
by means of the following equation: — 


Ee *4" 


KOH 


dischange 

+ 2Ni(OH)4 ^ 2Ni(OH)2 + 
charge 


KOH 


+ Fe(OH)2. 


It will be noticed that the caustic potash does not vary in amount, 
so that the density of the solution is no indication of the state of 
the cell. The E.M.E. of the Edison storage cell is 1-35 volts. 

To Determine the Polarity of a Ceil or the Mains.--~An 
aqueous solution of potassium iodide is prepared, and a little starch 
paste is added. A piece of filter paper is moistened with this 
solution. If now two wires joined to the electrodes of a cell are 
allowed to touch this paper, a feeble current passes through the 
solution which is on the paper. Iodine is liberated at the anode 
which, acting^ on the starch, produces a dark blue compound. If 
the mains are under test a lamp must be placed in series with them. 
If starch paper is not available the electrodes may be dipped into 
salt water (in an egg-cup). Bubbles of hydrogen appear at the 
cathode. 


Depolarizers.— In an earlier chapter [of. p. 704] it has" been 
shown how the polarization may be prevented by the use of a suit- 
ably chosen depolarizing agent. In addition to the inorganic salts 
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wMch have been mentioned it is found that many organic com- 
pounds can also be shnilariy used. Cathodic depolarizers are 
those substances which either take tip hydrogen or yield oxygen, 
or else do both simnltaneonsly, i.e. cathodic depolarizers are 
reduced. Anodic depolarizers are substances which can be 
oxidized. 

Electrolytic Reduction. — ^An electrochemical method of prepar- 
ing an organic compound possesses several advantages over a purely 
chemical method for, by varying the conditions under which the 
depo arizing agent is reduced, it is possible to prepare a series of 
compoxmds from one such depolarizer. The electroiydic reduction 
of a depolarizer proceeds in two stages. 

(а) The positively charged hydrogen atoms lose their charges 
and become atomic hydrogen. H* + © == H. 

( б ) The atomic hydrogen combines with the depolarizing agent 
and reduces it. 

By such means as this aniline (CeHgNHg) is prepared from nitro- 
benzene (CsHsNOj) ; indigo is formed from indigo white ; oleic acid 
is converted into stearic acid. 

Electrolytic Oxidation. — ^In this process the negatively charged 
hydroxyl ions lose their charges and oxygen is liberated— 

20H' + 2© = HaO + 0. 

For commercial purposes electrolytic oxidation is used in the 
preparation of formic acid (H . COOH) from acetylene (CaHa)— 

CaHa + 60H' + 6 © == 2H . COOH +^2 

When an aqueous solution of alkali halide containing acetone 
CHa . do . CH 3 or alcohol OH 3 , GHg . OH is electrolysed, chloroform, 
bromoform or iodoform is formed. The first stage of the process 
consists in the formation of CIO' ions [or the corresponding ions 
with bromine or iodine]. 

2 a' + 2© = 201. 

201 + 20H' -= CIO' + Cl' + HaO. 

The CIO' then reacts with the acetone as follows : — 

CH 3 . CO . CHa + 3C10' = CHCla + CHaCOa' -f 20H' 

In the case of alcohol the equation is 
CHa . CHa . OH + SaO' = CHCl, -f HaO + 2C1' 4- SOH' + COa 
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EXAMPLES XLVII 


1. — A tangent galvanometer has 6 turns of wire of mean radius 
10 cm. How much copper will be deposited in 30 mins, by a current 
which produces a deflexion of 45® ? [E.C.E. for copper = 0-000328 
gm. coulomb-"b H = 0*18 gauss.] 

2. — ^When a current is passed through a voltameter and tangent 
galvanometer, a deposit of 0-32 gm. of copper is obtained per hour and 
the deflexion is 39 . The diameter of the coils is 18 cm. Assuming 
that the above numbers are liable to experimental error, calculate the 
number of turns in the coil. [H = 0*18 gauss.] 

3. — A piece of yery thin metal measures 8 cm. x 18 cm. It is desired 
to coat it with a layer of silver 0*1 mm. thick. For how long must a 
current of 3*5 amperes be passed. [E.C.E. for silver = 0-001118 
gm. coulomb-^ ; density of silver = 10-5 gm. cm.-®] 

4. — State Faraday’s laws of electrolysis. How may they be verified ? 

5. — 'Define the terms ampere, electrolyte, kation, ohm, electron. 

6. — What is meant by the statement that the back E.M,F. in an 
electrolyte is 0-2 volts ? A battery having a total E.M.F. of 20 volts 
and 1 -ohm internal resistance is connected in series with an electrolyte. 
This is shunted with a 10-ohm coil. If the battery supplies a current 
of 3 amperes and the back E.M.F. in the electrolyte is 0-1 volt deduce 
the resistance of the electrolyte. 

7. — ^Explain what is meant by the statement “ the electrochemical 
equivalent of copper is 0*000329 gm, per coulomb.” Calculate the 
current through a copper voltameter if 0-987 gm. of copper is deposited 
in it in 40 minutes. 

8. — Explain Ohm’s law and describe how you would verify it. Discuss 
whether the law holds for electrolytic conductors, 

9. — Give a short account of the laws of electrolysis. A Daniell cell 
is used to send a steady current through a certain circuit. It is found 
that in half an hour the negative pole of the cell has decreased in 
weight by 0*070 gm. Calculate the increase in weight of the positive 
pole, and the mean value of the current supplied by the cell. [The 
atomic weights of copper and of zinc may be taken as 63*6 and 65*4 
respectively, and the electro-chemical equivalent of hydrogen as 
0-0000104 gm. per coulomb.] 

10. — State Faraday’s laws of electrolysis and describe how you would 
proceed to measure the electrochemical equivalent of silver. 

11. — ^Describe and explain what happens when an aqueous solution 
, of copper sulphate is electrolysed between (a) soluble electrodes, (6) 

insoluble electrodes, 

12. — Give an account of the conduction of electricity through aqueous 
solutions of inorganic salts. How does it difler from the conduction 
of electricity through mercury ? 

13. — Describe how you would investigate the validity of Ohm’s law 
in the case of acidulated water and state the results you would expect 
to obtain. 

14. — Define the ampere and the electromagnetic unit of current. 
Explain how with the aid of a tangent galvanometer and a copper 
voltameter you would determine the relation between these two units. 
—(L., ’29.)'' 

15. — E2q)lam with the aid of a circuit diagram how an electrometer 
may be used in an experiment either to find the resistance of an elec- 
trolyte, or to compare the capacities of two condensers. (N.H.S.C. ’29.) 
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CHAPTER XLVni 


ELECTROTHERMAL EFFECTS AND 
THERMOELECTRICITY 


ELEcmoTHDBEMAL Effects 

Joule’s Original Experiment on the Production of Heat 
by Current Electricity,— In this research Joule proposed to in- 
vestigate how the amount of heat dissipated by a current flowing 
in a conductor varied, in a given time, with the strength of the 
current. The apparatus, shown in Fig. 48*1, consisted of a tall 
glass cylinder containing water. The wire was passed through a 





Tangent Gakanomter 
(rectangufap pattern) 


Fig, 4S‘1, — Joule’s first Experiment on the Heating Effect of a Current. 


thin glass tube B and then closed upon it. The extremities of 
the coil were then pulled slightly apart so that the wire was not 
short circuited. In some experiments a cotton thread was inter- 
posed between the windings. The current was measured by a 
type of tangent galvanometer, T.G., the frame being rectangular ; 
its indications were standardized by a voltameter — Joule expressed 
his quantities of electricity (current x time) ‘‘ on the basis of 
Faraday’s great discovery of definite electrolysis.” Joule used a 
meroury-in-glass thermometer, the scale being graduated on the 
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stem/ Before maldn observation on the temperature, the 
water was stirred by means of a feather* Joule took the pre- 
caution of using the thermometer in a vertical position and to 
bring his eye “ to a level with the top of the mercury.** He 
estimated changes in temperature of 0*1® F. 

As a result of these experii^ents Joule found that the heat 
generated in a given time in a specified conductor is directly pro- 
portional to the square of the current ; also, for a given current, 
the heat produced in a given time was directly proportional to 
the resistance of the wire, i,e. 

H oc C2R, 

The above work was carried out at a time when Joule was not 
acquainted with Ohm*s law. In fact, if Joule had been aware of 
the validity of Ohm*s law, he could have deduced the above result 
theoretically as we shall see below. In fact, Joule*s law and Ohm’s 
law are really alternatives. 

The Heating Effect of a Current. — From the definition of 
the electromagnetic unit of potential difference it follows that 
when a current i [E.M.U.] is fiowing between two points differ- 
ing in potential by an amount e [E,M.U.] the energy, W, 
liberated in t seconds is eit ergs, since it is the quantity of elec- 
tricity transferred in this time. In practice it is found that incon- 
veniently large numbers occur when the electromagnetic system 
of units is employed. When the current is measured in amperes 
(A) and the potential difference in volts (V) [practical units] 
the work (W) liberated in t seconds is measured in joules and we 
have W = VA^ joules = VAi x 10’' ergs. The vahdity of the 
above is established when we remember that one E.M.U. of 
current = 10 amperes, and one E.M.U. of potential = 10““® volts, 
for then W == eit = Y x 10® . A x 10“^ . t = YA X 10^ . f ergs, or 
VAif joules. Now the work done per second is termed the power, 
the practical unit of which is the watt. Hence the power necessary 
to send a current A amperes across a difference in potential Y volts 
is YA watts. 

' :Y;' 

If R is the resistance in ohms of the above circuit, R ~ so that 

■ . ■ YH 

W = A^RjS or -g“ joules. 

The above equations give us the energy used in ‘ overcoming the 
ohmic resistance of the conductor *. All this energy is dissipated as 
heat in the conductor and the amount of heat, H, generated In i 

■ W ' • ■ ■ 

second is given by H === -j- where J is the mechanical equivalent of 
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cal. Sometimes this is written 
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heat, i.e, H 
YH 

H a== jrjgg b^t in precision work it is better to measure V and A 

since the resistance of the conductor depends upon its temperature 
and, in general, this resistance woidd be measured at room tempera- 
ture and this is certainly not the temperature of the wire when heat 
is being developed in it. 

The formula just obtained may be derived in a slightly different 
way as follows. Let A and B be two points in a wire at potentials 
Vi and Va respectively, (Vi^Vg). Suppose that a charge Aq 
passes from A to B. At A the potential energy associated with 
the charge is Yi,Aq [the potential energy in such a case is the 
work done in bringing up the charge zlg from infinity (zero potential) 
to A]. At B the potential energy of this charge is Vg . Aq, Hence 
the loss in potential energy associated with this charge when it 
moves from A to B is (Vi — Y 2 )Aq = (Vi — V 2 )A ,At, if A is the 
current flowing for a time At This energy appears as heat. The 
rate at which energy is dissipated is therefore (Vj — Y^jA^ VA, 
if Va) = V, as before. If V is in volts and A in amperes, 
the product VA is in watts.* 

Verification of J oule’s Law. — The apparatus consists essentially 
of a calorimeter containing paraffin oil or aniline [low vapour pres- 
sure to diminish evaporation and 
consequent heat loss, and a small 
specific heat so that the tempera- 
ture rises quickly]. This calori- 
meter is fitted with an ebonite lid 
which supports the heating cod- 
see Fig. 48*2. The current is sup- 
plied by means of a battery and is 
regulated, i.e. it is kept constant, 
with the aid of the shding resistance 
S. An ammeter A indicates the 
rhagnitude of the current. The 
potential difference across the coil is 
measured by the voltmeter V which 
is in parallel with the heating 
element [or a potentiometer may be 
used]. The heat developed in a 
Fio. 48-2.— Verification of Joule’s given time t sees, may be calculated 

7 ’"“ 

perature of the calomneter and 
its contents has been determined. 

Let be the mass of the oil of specific heat er, m the mass 
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of the calorimeter 'whose specific heat is s, and 6 the observed 
rise in temperature. Then the heat developed is (jua + ms) 6 cal ; 

VA^ . 

This should be equal to cal. 

Better results will be obtained if the calorimeter is surrounded by 
a double-walled vessel containing water but insulated thermally 
from it as indicated in Fig. 104. This protects the calorimeter from 
draughts and thereby prevents erratic exchanges of heat between 
the calorimeter and its surroundings. The temperature of the 
water in this outer vessel should remain constant and be equal to 
the mean of the initial and final temperatures of the oil, for then heat 
is gained by the calorimeter from its surroundings during the first 
half of the experiment and an equal amount lost to them during 
the second half. Alternatively, Ferry’s method for correcting for 
the heat exchange between the calorimeter and its surroundings 
may be used [of. p. 190]. 

The Laws of Heating. — When a current is passed through a 
wire the rise in temperatui*e of the wire depends on the material 
of the wire and the nature of its surface. It is possible to find a 
very thin wire whose resistance is the same as that of a longer piece 
of thick wire : the wires may be of the same or of different materials. 
If their surfaces have the same radiating powers and the same 
current is sent through them, then an equal number of calories will 
be developed in each in a given time. Since the mass of the thin 
wire is small its rise in temperature will be much greater than that 
of the thick wire. In addition, the thick wire has a larger surface 



(a) (if) 

Fig. 48*3. — ^The Laws of Heating. 


from which heat is radiated so that this tends fui-ther to diminish 
the rise in temperature. The ultimate temperatme attained by 
such wires is reached when the rate at which heat is being developed 
in them is equal to that at which it is lost from its surface to the 
surrounding air. 

The following experiments provide us with excellent illustrations 
of the laws governing the heating effects of currents. Fig. 48*3 (a) 
represents a chain formed of alternate links of iron and copper, each 
of No. 28 S.W.G. If a current of 4 amperes is sent through the 
composite chain the iron links become red hot and even if the 
current is increased until the iron 'wires are burnt out the copper 
does not emit any visible radiation. The explanation of this is 
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to be found in tbe fact that the resistivity of iron is about seven 
times that of copper and since the specific heats of iron and copper 
are approximately equal the rise in temperature is about seven times 
as great in the iron wire. 

The second experiment consists in placing pieces of copper and 
iron of equal length and gauge [No. 42 S.W.G.] in parallel and 
introducing them into a circuit carrying a Current of about 10 
amperes [cf . Fig. 48-3 (6)]. In this instance it is the copper which 
glows. This is because the heat developed in a resistance at con- 
stant voltage is inversely proportional to the resistance. Hence in 
this instance seven times as much heat is developed in the copper 
as in the iron. 

Continiious Flow Calorimetry. — The heating efiect of a 
current provides us with an accurate means of determining the 
specific heat of a liquid. The apparatus shown in Fig, 48*2 (a) 
may be used for this purpose. The more accurate methods of 
determining the specific heats of liquids and gases have already 
been discussed and should be revised at this stage. 

A Few Practical Applications. — The heating effects of currents 
have numerous applications in everyday life ; foremost among these 
are the incandescent electric lamps, radiators, cooking ovens, 
furnaces, and wireless valves. 

The incandescent lamp consists of a glass bulb in which there is 
a carbon or tungsten filament, the temperature of which is raised 
when a suitable current is sent through it. It is at once obvious 
that the higher the temperature of the wire the greater its power 
as a source of intense light. In order to attain this high temperature 
a wire of high melting-point must be used, e.g. tungsten or tantalum. 
At these high temperatures carbon or any metal rapidly oxidizes 
in the presence of oxygen, so that manufacturers exhaust the lamps. 
As the temperature at which a lamp was used became higher it was 
found that the metallic filaments began to evaporate ; consequently 
their resistance increased, the temperature rose and the wire melted : 
in addition, the evaporated metal was deposited on the glass walls 
so that the brilliancy of the lamp was impaired. To obviate these 
disadvantages modern bulbs are filled with nitrogen, the pressure of 
which is sufficient to render the evaporation losses negligible. In 
the smaller lamps a small amount of argon is added. 

Electric radiators consist of nichrome wire wound on a fireclay 
support ; the resistance of the wire is such that a temperature of 
about 800® C. is easily obtained when an appropriate current is 
passed along the wire. 

In smaU electric furnaces, such as are used in a laboratory, 
nichrome wire is wound on a silica tube and then covered with 
“purimachos fireclay cement. The whole tube is supported 
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along tlie axis of a cylindrical container, the intervening space 
being packed with asbestos wool. In the very latest type of such 
a furnace the wire is of molybdenum, and the whole is placed in an 
atmosphere of ‘‘ cracked ” ammonia, i.e. ammonia which has been 
passed through a red-hot tube so that it is dissociated completely. 
In such an atmosphere molybdenum does not “ burn out ’’ even 
at a temperature of 1,800® C., e.g. steel may be very easily melted. 

In wireless valves and X-ray tubes a tungsten wire is heated to 
over 2,000® C. when it emits a copious supply of electrons — ^the 
'' atoms of electricity.” Under a suitable electric field these can 
be made to move; they then constitute a current [cf. p. 702], 

The arc lamp consists essentially of two carbon rods, generally 
at right angles to one another. They are connected to the mains 
through a suitable resistance, and their distance apart can be 
adjusted by means of a screw. When the carbons touch, there is 
a large current which is sufficient to vaporize the carbon at the 
points where contact is made. The carbons are then separated 
by a few millimetres, and the current continues to flow and a 
temperatm*e of over 3,000® C. is reached. Modern steel works use 
electric furnaces in which very large carbon electrodes are employed. 
A current of 2,000 amperes at 65 volts is then sufficient to melt two 
tons of steel and alloys. 

In surgery a thin platinum wire heated to redness is often used 
to cut tissue when, if the temperature is suitable, haemorrhage is 
reduced to a minimum. 

Hot-wire Instruments. — For some purposes currents are 
employed whose direction is reversed many times per second. 
These are known as 
alternating currents 
[cf. p. 831] and it is 
at once apparent that \ 

such currents cannot ^ \ 

be measured by any of \ 

the arrangements 
hitherto . described ji \ 

since the current is / $ ■ 

reversed before the 

moving part of the in- Sd 

strument has changed § 

its zero position. Such Jl 

currents are usually 0 

measured by the heab» Fig. 48-4.-— Hot-wire Ammeter, 

ing efiects they pro- 
duce since these are independent of the direction in which the 
current is flowing. A hot-wire ammeter is indicated in Fig. 48*4. 
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AE is a thin wire supported at both ends. A second thin wire 
attached to the middle point of the first passes round the axle C 
and is connected to a spring D. In this way AB is maintained 
taut. The axle C carries a pointer which moves over a graduated 
scale. When a current flows through AB this wire expands, the 
sag is taken up by the spring D and the axle revolves. The 
instrument is graduated by passing direct currents of known 
magnitudes through it. 

Since in an alternating current the current varies periodically it is 
obvious that a hot-wire instrument does not measure the current at 
any instant in the cycle : what it does measure is the effective 
m virtual value of the current. This is defined as that steady 
current which produces the same heating effect per unit time as 
the alternating current. 

The Measurement of Power. — ^The power or rate at which 
energy is being dissipated in any portion of an electrical circuit 
is equal to the product of VA watts, where V is the voltage across 
the portion of the circuit and A is the current in amperes. Instead 
of measuring the voltage and current separately and deducing the 
number of watts from them, wattmeters have been designed to 
measure the power directly. The essential features of such an 
instrument are indicated in Fig. 48*5. In a wattmeter there are two 
concentric coils, one being fixed while the other is movable. The 
fixed coil consists of a few turns of thick wire which are connected 
to the terminals AA. These enable the fixed coil to be placed in 
series with the current in the circuit where the consumption of 

energy is being deter- 
mined. The movable 
coil consists of many 
turns of very thin wire 
and it is connected to 
the terminals W of 
the instrument. These 
permit the movable 
coil to be connected 
across the mains. The 
movable coil is wound 
on a bobbin carrying a 
pointer. The coils are 
arranged so that in 
their zero position 
their planes are mutually perpendicular ; hence when currents 
pass through them there is a couple tending to make the coils 
coplanar. The deflexion of a pointer attached to the movable coil 
is proportional to the rate at which energy is being consumed. 
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Tlie instrament may be calibrated with the aid of a standard 
voltmeter placed in parallel with W and a standard ammeter 
placed in series with AA. 

Experimenta! Determination of the Thermal Emissivity of a 
Wire. — A nickel wire [S.W.G.34] and 30 cm. long is snitable. AB, 
Fig. 48-6, is the wire 
whose emissivity is re- 
quired. It is held in 
a horizontal position 
and thin copper leads 
are attached to it at 
points C and D near 
to its ends. The wire 
is connected in series 
with an adjustable 
resistance, a battery, 
a key K, and a coil S. 

A small current, not 
sufficient to raise the 
temperature of the wire appreciably above that of the room, is sent 
through it. The potential difierences between C and D and across 
S are measured with the aid of the millivoltmeter MV. Mercury 
cups, a . . . A, in a block of paraffin enable the connections to 
be made easily. From these observations the current in the 
circuit and the resistance of the portion CD of the wire are 
deduced, A current of about 1‘5 amperes is then passed through 
the wire and the potential differences between the same points 
determined with the aid of the voltmeter V. The current and 
resistance are again calculated. From a knowledge of the co- 
efficient of increase of resistance with temperature for nickel 
[0*0052 deg."^ 0.] the temperature of the wire may be found. This 
temperature has become steady since the rate at which energy is 
dissipated in the wire is equal to the rate at which heat is being lost 
from, its surface. The thermal emissivity is calculated as follows. 

Example * — 

(i) P.D. across 0*5 ohm == 47*4 X 10*'* volts. 

P.D. „ CD -72-5 X l(h® volts. 

resistance of CD = 0-765 ohms at 19-6° C. 

(ii) P.D. across 0*6 ohm = 0*76 volts. .% current = 1-5 amps. 

P.D. „ CD ==1-75 volts. 

resistance of CD when heated « 1*17 ohms — Rf. 

Smce Rj — Ro(l + at) and Rji «= Ro(l + aii), we have 



Fig. 48*6. — ^Thermal Emissivity of a Wire, 
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Length, of wire = 33*8 cm. Diameter — 0*023 cm. 

_ . , , No. of cal. emitted per sec. 

missmty — surface x temp, diff . 

i*5« X 1*17 

4*2 X X 0*023 X 33*8 X 111*5 
= 2*3 X 10“® cal. see.-^ cm.“® deg.~^ C. 


THEEMOELBOmiOITY 

The Seebeck Effect. — ^In 1821 Seebeck discovered that an 
electric current could be produced by thermal means alone. He 
showed that a current flows in a circuit consisting of two wires of 


Hot 



different materials as long as 
there is a difference in tempera- 
ture between the two junctions. 
We must note, however, that the 
current ceases as soon as this 
temperature difference becomes 
zero. Such currents are termed 
thermoelectric currents and the 
electromotive force producing 
them is known as a thermoelectric force. If the circuit consists 
of antimony and bismuth, the direction of the current is from the 
antimony to the bismuth through the cold junction [cf . Fig. 48*7]. 
The energy necessary to maintain the current is derived from the 
surroundings, i.e. there is an absorption of heat from them. 

Experimmt . — AHB is a rod of copper 1 cm. in diameter and bent 
as indicated, in Fig. 48*8 (a). It is short-circuited by 0, a thick piece 
of oonstantan [Cu 60 per cent., Ni 40 per cent.]. A large iron block 
is out in halves, grooved, and fitted round the rod as shown in Fig. 
48*8 (6). AB is insulated 
from the iron blocks by 
paper. When the end A 
of the rod is heated whilst 

B is kept in ice it is almost w i ., — \Heat 

impossible to separate the i-.Ll 

two pieces of iron. This (a) ^ (h) 

is because the iron has be- 
come magnetized by the 
large current in the circuit 
HKL. This ciUTent is produced by the small thermoelectric force in 
the same circuit which appears when the two junctions K and L are 
at different temperatures. The current is large since the resistance 
of the Circuit is very small if the junctions K and L have been well 
made — they should be silver-soldered. 

The Peltier Effect. — ^An effect wHoh is the converse of that just 
described was discovered by Peltteb in 1834. He noticed that 
when a current passed across the junotion between two dissimilar 
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Fig. 48*8. — -Seebeck Effect. 
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metals there was either an evolution or an absorption of heat, i.e. 
the Junction was either heated or cooled. For any two metals 
the condition whether the junction shall be heated or cooled is 
determined by the direction of the current. This effect is entirely 
apart from the Joule effect which is irreversible, i.e. it does not 
depend on the direction of the current in the conductor, whereas the 
Peltier effect is reversible. In the following experiment the former 
effect is made negligibly small by using thick rods. B, Fig. 48-9, is 
a rod of bismuth soldered at each end to a rod of antimony, A. If 
a current is passed in the direction indicated there is an evolution 
of heat where the current passes from the antimony to the bismuth. 
At the other junction heat is absorbed. The effects are reversed 
when the current is reversed. These effects are clearly shown if 
coils of thin copper wire are wound round the junctions of the metals. 



Fig. 48*9. — Peltier ESeot. 


Copper is chosen because its coefficient of increase of resistance with 
temperature is large. The resistances of these coils are measured 
when a current is passed along the rods. An increase in resistance 
of the coil at the junction where the current passes from antimony 
to bismuth shows that heat is developed at this junction. The 
other junction is cooled for the resistance of the cofl round it 
decreases. When the direction of the current is reversed contrary 
effects are obtained, indicating thereby that the effect under 
investigation is reversible. 

Both the Seebeck and the Peltier effects may be explained if we 
assume that there is an electromotive force at the junction of two 
metals, acting in the case of an antimony-bismuth junction from 
the bismuth to the antimony, i.e. bismuth is electropositive with 
respect to antimony. If a chcuit consists of two metals only and 
the temperature is everywhere the same, then the electromotive 
force at one junction is equal and opposite to that at the other and ^ 

the total electromotive force in the circuit is zero. If, however, the 
temperatures of the junctions are different, the opposing electro- 
motive forces are not equal and the difference between them causes 
a current to flow. 

On the other hand, when a current is passed from antimony to 
bismuth work is done in overcoming the electromotive force at the 
junction : this appears as heat and the junction is heated. If the 
current is reversed the junction is cooled. Hence, on these assump- 
tions, the existence of the Peltier effect finds a ready explanation, 
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In a general way the existence of an B.M.F. at the junction of two 
metals can be accounted for from our knowledge of the structure 
of conducting substances. Modern theory suggests that all such 
bodies contain large numbers of free electrons, i.e. electrons free to 
move in the interstices between the constituent particles of the 
conductor. These electrons behave very much like the molecules 
of a gas so that they are often referred to as an electronic gas.’’ 
The density of this gas at any fixed temperature of the metal is 
assumed to vary in different metals, so that when two metals are 
placed in contact the electrons diffuse from one to the other. This 
diffusion establishes an electromotive force at the junction which 
increases in value until it is sufficient to prevent a differential 
diffusion of the electrons from the one metal to the other. The 
equilibrium condition finally established is an example of a 

dynamic ” equilibrium as distinct from a “ static ” equilibrium, 
for there is no reason to suppose that when equilibrium has been 
attained the motion of the electrons ceases. 

The Thomson Effect. — ^Erom theoretical considerations Kelvin, 
when he was Sm Wm. Thomson, proved that if the only seat of 
potential difference in a thermocouple was at the junctions the total 
E.M.P. in the circuit should be proportional to the temperature 
difference between the junctions. Experiment shows that this is 
not even approximately true so that Kelvin assumed that in any 
homogeneous wire there must be an E.M.P. whenever there is a 
temperature gradient in the wire. To test the validity of this 
conclusion* Kelvin sent a heavy current through a homogeneous 
bar. The ends of this bar were kept at a constant temperature, hut 
the central portion was heated. Then, with the aid of a sensitive 
differential thermometer, he showed that the amounts of heat 
generated in the two halves of the bar were unequal. He also 
showed that the effect was reversible. 

long thin U-shaped piece of iron wire is supported so 
that the bend dips into a considerable amount of mercury and a 
current of such strength that the wire is just visible in a darkened 
room is sent down one limb and up the other. The wire is cooled by 
the mercury so that there is a temperature gradient in the wire. The 
two portions of the wire glow unequally, showing that there are opposite 
Thomson effects in the two limbs. 

Electron Theory and the Thomson Effect.— Since the electron 
density is greater at low temperatures than at high, it follows that 
we may expect an electromotive force whenever a temperature 
gradient exists in a conductor. Thus the simple electron theory 
accounts for the existence of the Thomson effect. Unfortunately, 
however, this theory woffid indicate that the E.^ is always 
directed from the region of high temperature to that where it is low, 
i.e. electrons move from the cold to the hot region, whereas experi* 
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ment shows that this direction depends upon the material 
investigated. 

Determination of Thermal E.M.F.’s.^ — (a) Approximate 
method. Let us suppose that we have to investigate the manner 
in which the E.M.F. of a copper-iron thermocouple varies with 
temperature, one junc- 
tion being maintained 

at the temperature of f ( / K 

melting ice. An iron ^ 
wire is connected to [ 

two pieces of copper |ji- 

wire to form two cop- 1 " f L 

per-iron junctions as [? | S I ^ 

shown in Eig. 48-10 {a), | y || (tt) | y | 

The copper wires are lls^ 

then connected to the 
terminals of a high- r/TXT 

resistance galvano- 

meter G. The ther- <> 

mocouples are placed | ? . 

in two different teat- H ^ t ^ 

tubes and these are L 

surrounded by melting Ct/^ ^ 

ice and by water re- ir^ ^ 

spectively. One of the y | 

jxmctions is main- f I 

tained at the tempera- Co/d' Hot 

ture of melting ice j.i> 

throughout the experi- ^ 1 

ment, while the tern- M. 

perature of the other 7 ^ A 1 C u „ ^ 

When the tempera- | f 

tures of the two junc- ^2 S told* Hot* 

tions are different the ~ ia « • x i i-i x • x- r 

, ' ' . . Fio. 48*10. — Experimental DeterminatiOB of 

electromotive force Thermal B.M.P.’s. 

which is developed in 

the circuit causes a current to pass through the galvanometer. 
Since G has a high resistance its deflexion may be taken as pro- 
portional to the E.M.F. in the circuit. If absolute values of the 
E.M.E. are required the volt sensitivity of the galvanometer 
must be known. Usually the current sensitivity, i.e. the current 
required to produce a given scale deflexion (1 mm. when the scale 
is at a distance of 1 metre for galvanometers used in conjunction 


Fio. 48*10.- 


—Experimental Determination of 
Thermal B.M.P.’s. 
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with a lamp and scale), is stated on the instrument, but if the 
resistance of the galvanometer is known the volt sensitivity is 
easily deduced. 

(6) Simple potentiometer method , — Since the thermal E.M.F. 
wMch it is proposed to measure is small, a wire with a small potential 
drop per unit length along it is req^uired. Suppose that the poten- 
tiometer wire AB, Fig. 48*10(6), has a resistance r ohms and it 
is placed in series with a resistance R ohms and a battery D of 
E.M.E. E. The potential drop across the wire is equal to the 
current along the wire multiplied by the resistance of the wire, viz. 

Er 

R T 

If E is of the order 2 volts, r of the order 10 ohms, and R of the 
order 2,000 ohms, the potential drop across the potentiometer 
wire will be 10““^ volt, or 10*“* volt per cm. if the wire is one metre 
long. One end of the thermocouple is connected to A through a 
galvanometer G. The other end is connected to a jockey C which 
slides along the wire AB. The position of C is adjusted until the 
galvanometer deflexion is zero. The E.M.E. of the thermocouple 
is then equal to the potential drop across the portion AC of the 
potentiometer wire, and is given by the expression 

Br AC 
R-ff‘AB 

An objection to this method is that the battery D supplies an 
electric current and therefore its E.M.F. on open circuit is not 
the E.M.F. available for sending the current through the circuit. 
The correction is small, however, for the current supplied by the 
battery is not large. This available E.M.F. may be measured by 
placing a voltmeter, V, in parallel with D. Another objection, 
and one which is more serious, is that there is no means of main- 
taming a constant current in the circuit. This difficulty is over- 
come by proceeding as in (c). 

(o) Using a standard cell , — The resistance box R is replaced by 
two boxes, Ri and Rj, Fig. 48*10 (c), the sum of their resistances being 
of the same order as that of R, so that the fall of potential along the 
wire shall still be comparable with that of the thermocouple. S is a 
standard cell placed in series with a high-resistance X( 10,000 olims) 
to prevent large currents from being taken from the cell. These are 
arranged as shown. 

With the keys Ki and Eg closed, the values of Rx and Ra are ad- 
justed so that there is no deflexion of G. The potential drop across 
Ri is then equal to the E.M.F. of S on open circuit since this cell is 
supply hig no current. If necessary, when an approximately correct 
balance £as been obtain^, the key Kj may be closed to short circuit 
X ; this permits the galvaaometer to foe used at its maximum sensi- 
tivity. Kg and Ka are then opened. 
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The E.M.F. of the thermocouple is determined by JGbading the point 
C on the wire AB corresponding to no deflexion of the galvanometer. 
If E is the E.M.F. of the standard cell, the fall of potential across Rj 
is E, so that the curi:ent in the main cncuit is E/Ri. The drop in 
potential across the potentiometer wire is therefore 



so that the potential diflerence between A and C is therefore 

'■‘Bi'AB 

This is the B.M.F. of the thermocouple. 

[N.B. — ^It is not necessary to know R2 and when once the potential 
drop across Rj has been made equal to the E.M.F. of S on open circuit, 
the constancy of the current along the potentiometer wire may be 
tested and maintained by keeping R^ constant and adjusting Rj so 
that the deflexion of G is zero when K* is closed.] 

As before one junction of the thermocouple is placed in a test-tube 
and surrounded by melting ice. The other is heated to diflerent 
known temperatures and in each instance the position of the sliding 
contact C when the galvanometer deflexion reading is zero noted. 
The thermal E,M.F, in the circuit is in each instance equal to the 
potential drop along the corresponding portion of the wire AC. 

Thermoelectric Curves . — ^Let us consider a copper-iron thermo- 
couple one of whose junctions is maintained at 0® C. while the 
other is raised in turn to a series of known temperatures. Suppose 
the E.M.F. is measured in each instance and a graph drawn show- 
ing the relation between the E.M.‘F. in the circuit and the tem- 
perature of the hot junction. The curve is known as a thermo- 
electric curve—me Fig. 48*11, In practically all instances it is 



Fig. 48*11. — Thermoelectric Curve for a Copper-Iron Thermocouple, 
E « 10-34« - 0*0183«*. 
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a parabola with its axis vertical [in some instances only a portion 
of the enrve is obtainable^ — one of the wires may melt]. 

If the temperature of the cold junction is raised to 100° C, (say) 
the corresponding thermoelectric curve is obtained by transferring 
the axes of co-ordinates to OiOJi, Oi^i as shown, where the abscissa 
ofOiislOO°C. 

Thermoelectric Inversion . — study of the thermoelectric 
curve for a copper-iron thermocouple shows that at a certain 
temperature of the hot junction the thermoelectric E.M.F. in the 
circuit is a maximum. This is termed the neutral point. As 
the temperature is raised the E.M.F. decreases, becomes zero, and 
then reverses its sign. The temperature corresponding to the 
neutral point is the mean of the temperatures of the cold junction 
and the temperature at which the above reversal of sign begins. 

Experiment . — ^The above facts are very easily obtained by using a 
copper-iron thermocouple in series with a high resistance galvanometer. 
The galvanometer deflexions are proportional to the thermal B.M.F. 
in the circuit. 


Some Applications of Thermoelectricity.— Thermocouples 
are widely used in industry, since they provide a ready and suffi- 
ciently accurate means of measuring temperatures over a wide 



range. For temperatures below 1,200® C. base metals may be 
used. The construction of a nickel-nichrome thermocouple is 
indicated in Fig. 48*12. AC and BC are the two wires welded 
together at C to form the *‘hot junction.” The whole is protected 
by an iron sheath, the wires being insulated from it and one another 
by fireclay insulators. The wires are connected to terminals Tj 
and Ta fixed in the head of the pyrometer — ^made from insulating 
material. 

For use at higher temperatures the wires are made from metals 
of the platinum group, since at these temperatures it is necessary 
that the metals should be highly infusible and not affected by air. 
The wires should be very thoroughly annealed before use, and, 
after prolonged use, re-annealed at a higher temperature than the 
maximum at which they have been used since platinum readily 
absorbs gases. The sheath and insulators are majj© of silica. 
For temperatures from 1,^)0® 0. to 1,700® C. a couple made from 
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molybdenum and tungsten wires is suitable. At these temperatures, 
however, the wires are brittle and must therefore be protected from 
shock ; moreover, they rapidly oxidize unless used in an atmo- 
sphere of “cracked’’ ammonia, i.e. a mixture of nitrogen and 
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s Compensatmg leads 


Fig. 48*13,— -Thermoelectric Pyrometer. 


hydrogen produced by passing ammonia through a tube heated 
to 1,000° G. Such couples are used to determine the temperature 
of molten iron and steel. 

When used with a temperature indicator, the arrangement is as 
in Fig. 48*13. The “ cold end ” is brought from the head of the 


thermometer to the indicator, where the 
temperature is reasonably constant . Since 
the E.M.F. of a thermocouple depends 
on the temperature of the “cold junc- 
tion,” the needle of the indicator [reaUy 
a millivolt-meter] is adjusted to “room- 
temperature ” before being coimected to 
the pyrometer. 

The use of thermocouples in thermo- 
piles has already been described [cf. 
p. 299]. 

The Radiomicrometer. — very sensi- 
tive instrument for detecting feeble 
thermal radiations is known as a radio- 
micrometer — ^it was invented by d’Aeson- 
VAL and by Boys, and is shown diagram- 
matically in Fig. 48*14. CD is a loop of 
copper or silver wire [No. 36 S.W.G., 
diameter 0*2 mm.]. The circuit is closed 
at its lower end by an antimony-bismuth 
junction, A, B. A piece of the same wire, 
about 5 mm. long, is soldered to the loop 
at its upper point, and attached by 
shellac varnish to a glass capillary tube 6. 



Fig. 48*14. — ^Boys’ 
Badiomicrometer, 


M is a plane mirror, edge about 3 mm, in length. It is a piece 


of cover glass, selected by optical trial for planeness, and silvered 
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at the back. The loop is suspended by a fine quarts; fibre [0-004 mni. 
in diameter], between the poles of a strong magnet. Since anti- 
mony and bismuth are very diamagnetic, they must be screened 
from the influence of the magnet by surrounding them with a 
large block of soft iron [not shown in the diagram]. A hole drilled 
in the iron block permits radiation to fall on a very small piece 
of blackened copper foil attached to the junction between the 
antimony and the bismuth. The sensitivity of this instrument is 
such that when the temperature of the copper disc is raised only 
by a few miUionths of a degree the current in the loop is sufficient 
for it to be deflected. M enables these deflexions to be measured 
by a lamp-and-scale method, and it is placed about 3 cm. from the 
lower end of G, so that the heat falling on M from the lamp shall 
not be troublesome. The wire carrying the loop is torsionally 
infinitely rigid compared with the quartz fibre, so that any deflexion 
of the loop is truly measured by the deflexion of M, With such 
a sensitive instrument great precautions must be taken to screen 
it from thermal changes— it is enclosed in a wooden box— and 
one also notices that there are no outside leads which might cause 
an induced current in the circuit should they “ cut ” the earth’s 
magnetic field [c£ p. 817]. In fact, the current was detected 
without the aid of any additional galvanometer 1 Moreover, with 
this instrument Boys experienced no trouble due to variations in 
the external magnetic field, as did Langley, and others, who used 
bolometers in conjunction with moving magnet galvanometers. 

The sensitivity of the above radiomicrometer is such that the 
radiant energy from a candle flame two miles away may be detected. 

EXAMPLES XLVIII 

L — Two wires of 3 and i ohms respectively are joined to a battery 
of negligible resistance, first in parallel, and then in series. Calculate 
the ratio of the heats developed in the two systems. 

2. — A current of 4 amperes flows through a resistance of 6 ohms for 
3 mins. If the heat developed is sufficient to raise the temperature of 
600 gms. of liquid 7° C., calculate the specific heat of the liquid. 

3. — ^The poles of a battery are connected in turn to two wires of 5*2 
and 4-3 ohms respectively. The heats developed in the two wires are 
equal. Calculate the resistance of the battery. 

4. -— How would you show that the rate at which heat is developed in 
a conductor carrying a current is proportional to the square of the 
current f 

How would you demonstrate the Seebeck and Peltier thermo- 
electric effects ? Describe how you would use a thermocouple to 
measure temperatures up to 1000® C. 

6.' — Compare the heat generated in each of the four arms of a balanced 
Wheatstone bridge, if the r^istanoes of those arms are 100, 10, 650, 
and 56 ohms respectively. 


CHAPTER XUX 


ELECTROMAGNETIC INDUCTION 

Faraday’s Discovery of Electromagnetic Induction.— In 
1831 Faraday discovered that induced currents were set up in a 
cl osed circuit whenever a current in a neighbouring cii’cuit was 
made or broken, i.e. when there was a change in the number of 
lines of magnetic induction threading the closed circuit. For several 
years previous to this Faraday had failed to detect the presence 
of these currents, a fact due to the low sensitivity of the galvano- 
meter he used. From his published account of this work it appears 
that his jfirst successful attempt was carried out on the following 
lines. About 200 feet of copper 
wire were coiled round a large 
block of wood ; a second, long 
length of similar wire was then 
interposed as a spiral between 
the turns of the jBbrst coil, twine 
serving as an insulator. One 
spiral was connected to a galvano- 
meter and the other to a battery. 

When the battery circuit, the 
so-called primary circuit, was 
closed, there was a sudden and 
very slight effect (deflexion) at the 
galvanometer i.e. there was an 
induced current of a transient 
nature produced in the galvanometer circuit— the so-called 
secondary circuit. There was also a siinilar effect, but in a con- 
trary sense when the primary current was broken, Faraday is 
very careful to emphasize the fact that the current in the 
secondary circuit is a transient one and that no current exists 
there when the current in the primary is folly established. 

The above results may be verified in the laboratory in the following 
manner. P, Fig. 49*1, is the primary coil connected to a battery 
and a key K. Q is the secondary cofl connected to a ballistic 
galvanometer 6. It will be found that when K is closed that 
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Fig. 49*1,— Faraday’s Discovery of 
Electromagnetic Induction. 
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there is an indnced current in the secondary circuit : also when 
the primary current is broken. Both these currents are of short 
duration but opposite in direction. It will also be noticed that 
there is no current in the secondary circuit when that in P is fully 
established. If, however, the current in P is increased there is a 
transient current in Q — ^it is in the same direction as that established 
when the primary is first closed. If the primary current is reduced 
an induced current, in the opposite direction, is temporarily estab- 
lished in Q. 

Let us suppose tha t the c urrent in P i s such that to an observe r 
at E it appea rsjg J.owJuaA..c^ Theniheiin^^ 

"m agnetic inductic ararajasJ^^ Then th e current in Q,jwhexi_ 
t hat in P is b eing e stablished^ is-such. that it appears to flow„in an 
anti-cTockwise direction to an observer at II— 
induction SrS sEdmfhy th^^^ curvoa. The induced cu rrent^ 

Is such tEaFlF tends to maintain cons tant t he numbS^ 

ma^^ threadinglt^IS ..general 

appS^^ lib alTm^^ currents . - 
'‘’’Jtoaday iSben"^^ as follows— the 

galvanometer was replaced by a small hollow helix of copper wire 
wound on a glass tube. In this he inserted an unmagnetized steel 
needle, the primary circuit being open. The primary circuit was 
then closed, and on removing the steel needle it was found to be 
magnetized. This was further evidence that a current had been 
established in the se<x)ndary circuit. He varied the experiment 
by first establishing the primary current, then placing the needle 
in the helix, and afterwards breaking the primary circuit — ^the 
needle was again magnetized but with the direction of the magnetic 
axis reversed. 

Faraday also showed that if the secondary circuit was closed 
after the current in the primary had been established, or varied 
in any way, no effects were obtained. 

Further experiments on electromagnetic induction were as follows. 
Several feet of copper wire were stretched on a board in the form 
of a letter W. A similar wire was then erected on a second board, 
so that when the two were brought together there would have been 
contact at all points had not a thick sheet of paper been interposed. 
One wire was connected to a battery and the other to a galvano- 
meter. On causing one circuit to approach the other a transient 
current was established in the galvanometer circuit — transient 
current in the opposite direction was obtained when the distance 
between the two circuits was increased. 

In later experiments by Faraday a small permanent current was 
introduced'into the galvanometer circuit— the deflexion being about 
30®. Transient currents, shown by the temporary excursion of the 
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needle from the above position, could be established by any of the 
methods he had previously described, but in all instances the needle 
returned to its standard position when the change in the primary 
current was complete, l^rom all these experiments Faraday had 
not the least doubt concerning the true nature of the effect he had 
discovered, but states that he was not able to detect the presence 
of these currents by his tongue, by a heating effect, or by a chemical 
effect, “ though the contacts with the metallic or other solution 
were made and broken alternately with those of the battery so 
that the second effect of induction should not oppose or neutralize 
the first/’ He surmised that failure in this respect was due to 
the brief duration and the feeble intensity of the induced current. 

Further Experiments on Electromagnetic Induction : Fara- 
day “ On the Evolution of Electricity from Magnetism.’ — 
One part of a welded soft round iron bar — six inches in external 


diameter— see Fig. 49*2 
—was covered with a 
helix, P, of copper wire, 
twine separating the 
coils in any one layer, 
and calico separating 
one layer from the next. 
A second helix, S, was 
wound on the other 
portion of the ring. P 
was connected to a 
battery B, and S to a 



Fig-. 49*2. — ^Apparatus for Producing Induced 
Currents (after Faraday). 


galvanometer G. When the current in P was established the 
galvanometer was immediately affected ‘‘to a degree far beyond 
what has been described when the helices without an iron core 


were used, but although the current in the primary was continued, 
the effect was not permanent, for the needle soon came to rest in 


its natural position, as if quite indifferent to the attached electro- 
magnet.” When the primary current was broken, the needle was 


deflected in the opposite direction. 

Faraday continues by saying that if matters were arranged so 
that the direction of the primary current was reversed, the induced 
currents» were contrary in direction to those obtained above, “ but 


the deflexion on breaking the battery circuit was always the reverse 
of that produc by completing it.” 

Similar effects were then produced by using ordinary magnets. 
Among the various experiments carried out by Faraday in this 
connexion, only the following will be described. A copper helix 
was wound on a pasteboard cylinder, 8’5 in. long and 0*75 in. in 
diameter. This coil was connected to a galvanometer. On intro- 
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duoing a cylindrical m into the helix— see Mg. 49*8^ — the 
galvanometer needle being stationary, the needle was deflected, 
bnt having been thus introduced, the needle returned to its zero 

position. When the mag- 
net was withdrawn the 
deflexion was in the oppo- 
site direction. 

In the above experiment 
the magnet must not be 
passed entirely through the 
helix for a second action 
then occurs. When the 
magnet is introduced the 
galvanometer needle ex- 
hibits a certain deflexion, but, being in, a deflexion in a direction 
contrary to that obtained initially occurs when the magnet is 
withdrawn, or if it is pushed right through the helix. If the 
magnet is passed right through in one continuous movement, the 
needle moves one way, is stopped, and finally moves the other way. ^ 
The above experiment may be repeated using the apparatus 
shown in Fig. 49*4 (a). The diagram also shows the direction of 


<Tk 



Fig. 49*3.— Faraday’s Apparatus for Pro- 
ducing Induced Currents by the Motion 
of a Bar Magnet’ near to a Closed Coil. 
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Fig. 49*4:. — Induced Currents Produced by the Motion of a Bar Magnet near 
to a Closed Coil. 


^ the lines of magnetic induction due to the magnet NS and also 
the lines of magnetic induction due to the induced current when 
NS approaches the coil. The direction of the induced current is 
such that the number of lines of induction threading the coil tends 
to remain constant. Fig. 494 (5) shows the direction of the induced 
current and its associated lines of magnetic induction when NS is 
being drawn away from the coil. 

Experiment. — ^Fig. 49r5 (a) represents schematically an apparatus 
by means of which the production of induced currents is strikingly 
shown. A is a closely wound coil consisting of about twelve turns of 
^ If a magnet is passed very rapidly through a coil connected to a galvano- 
meter, no deflexion is obtained-— the two effects associated with the entrance 
and exit of the magnet are oyer before the magnet (or coil) of the galvanometer 
has had time to move. The two impulses received are equal and opposite, 
and the galvanometer does not re^ond. 
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thick copper wire. The coil is about 1*5 cm. in diameter, 
dip into mercury cnpSy B and 0. A 
second similar coil, L, with its axis at 
right angles to the plane of the diagram 
and its ends dipping into the same 
mercury cups is supported by a glass 
rod, D, resting on two other rods, F 
and H. These are normal to D so 
that the suspended coil is free to 
oscillate in a plane at right angles to 
the diagram. To increase the inertia 
of the moving system a lead weight, 

K, may be placed on top of the lower 
coil, a piece of cardboard serving to 
prevent the coils from being short- 
circuited. M is a cobalt steel magnet 
placed as shown. When the coil L is 
caused to swing there is a change in 
the number of lines of magnetic in- 
duction linked with it, so that an 
induced current is produced in the 
coils which form a closed circuit. 

Since these consist of thick copper 
wires their resistance is small and the 
current large, so that a small ma.gnetic 
needle, N, placed near the upper coil 
oscillates with a period of swing equal to that of L. 


821 
Its ends 



Fig. 49*5, — Experiment on 
Induced Currents. 


x^^/Magnetic Flux.— If is the normal component of the mag- 
netic induction at every point of an area A, then’B^A is theflux 
of magnetic induction [or the magnetic flux] across that area. 
if IJL is the permeability of the medium, where is the 

normal com|)onent of the magnetic intensity. Hence, if the medium 
is air [strictly, a vacuum], the flux is H^A, since the permeability 
of air is unity. 

if the magnetic induction is not uniform, the flux is given by 
J*B„. c?S, where the integral extends over the area in question. The 
unit of magnetic flux is the majcwefl. 

Lenz’s Law.-— -The facts stated previously with regard to the 
production of induced currents were summarized by Ismz in a 
law bearing Ms name. As modified by Maxwell, it may be stated 
as follows : The E.M.F. induced in a circuit tends to produce 
a current which opposes any change in the value of the 
magnetic flux linked with that circmti^ 

Fleming’s Right-band Rule.— When a conductor moves in a 
magnetic field the directions of the motion, the field, and the 
induced E.M.F. are given by the following statement due to 
Flemjko: — If the thurnb and first two fingers of the right 
hand are spread out so that they point in three directions at 
right angles to one another, the First finger giving the direction 
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of the magnetic Field, the thuMb indicating the direction of 
the Motion of the conductor, then the second finger indicates 
the direction of the induced E.M.F. — cf. Fig. 49-6 (a). 
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[Strictly speaking, tMs rule is only applicable when the magnetic 
field is normal to the plane in which the displacement occurs. 
When it is not, the first finger must point in the direction of the 
component of the field normal to the plane in which the conductor 
moves.] 

Fleining's Right-hand Rule deduced from Lenz's Law.— 
Let PQRS, Fig. 49*6 (6), be a system of long wires, connected as 
indicated, and lying in a plane normal to the lines of magnetic 
induction in the medium. Let XY be a conductor bridging the 
arms of the above system. Suppose XY moves to the right. 
Then there is a tendency for the flux of magnetic induction through 
the closed circuit XQBY to increase. The induced current, by 
liemi% law, will be such that the magnetic flux due to it tends to 
prevent the above increase, i.e. the lines of induction [magnetic 
intensity if the system is in a vacuum] will be downwards [dotted 
ia the diagram]. The current in XY must therefore flow jfrom 
X to Y — cf. Fig. 49*7 (c). This direction coincides with that 
expressed by Fleming’s right-hand rule. 

Electromotive Force due to a Conductor cutting Lines of 
Magnetic Induction. — Neumann* s Law of Induced Currents. 
The induced electromotive force in a circuit is equal to the 
rate at which the number of lines of magnetic induction 
linked with the circuit diminishes. 

(i) Simple Proof. — ^To establish Neumann’s law in the particular 
instance when the circuit is in air and the rectangular components 
of the magnetic field are respectively normal and parallel to the 
plane of the circuit, let XY, Fig. 49-7 (a), be a slight conductor of 
length I bridging the arms of a circuit in which there ia a cell, C, 
of E.M.F. e. If 0 is the angle the magnetic field, H, makes with 
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i 

XY, then the mechanical force, F, on the condnotor is ZiH sin 6 
which, by Fleming’s left-hand rale, is normal to the wire and in 
the plane of the circuit. Suppose that XY is displaced to XiYi, 



Fig. 49*7. 


a distance Jo;, in the sense and direction of F. The work done by 
the cell in effecting the displacement is 

F . /do; == US sin dJaa, 


Let he the time in which the above work is performed. Then J 
the energy expended by the cell is ei . Jt. The heat developed in * 
the circuit of resistance r is iV , /It Hence, since the energy sup- 
plied by the cell is equal to the heat developed [in work units], 
plus the work done in moving XY, we have 


so that 


ei ./It = ih‘ ./It + US sin 0 . Jx, 
IS sinfl .zla; 


t =r , 


At 


p[f the circuit lies in a medium of permeability ju, H must be 
replaced by B, the magnetic induction.] 

Hence the E.M.F. induced in the circuit is 


IS sin 6 .Ax 


At 


or — ZH sin 6 


dx 


dt 


in the limit. This may be written - 


dN 


dt 


, for H sin 6 , Z . Zlo; is zlN, 


the change in magnetic flux associated with the circuit, since l.Ax 
is the increase in area, and H sinfl is the component of H normal 
to the plane containing % and Ax. The induced E.M.F. is such 
that it opposes that of the cell, and an inspection of Fig. 49’7 (a) 
shows that it is correctly expressed by Fleming’s right-hand rule. 

Neglecting t^^ negative sign we have, 
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Indueed E.M.P, = Rate of change of magnetic flux [E.M.U. of 
P.D.].. ' 

_ Change in magnetic flux fvoltsl 

Time in seconds in which the change occurs x 10® 

(ii) More General Proof • — ^Let B, the magnetic induction, make an 
angle 0 with XY, Fig. 49*7 (&), and the component of B normal 
to the wire, make an angle of ^ with the plane of the circuit [of. 
Fig. 49*7 (c)]. The force on the wire is 


UB sin 0 ~ liBn 


:F. 


If XY moves to X^Y^, as before, the work done in effecting this dis^ 
placement is 

• sin ^ 

since the component of F in the plane of the circuit is F sin Hence 
as before, 

^ EBni shi <j) . Aon 

e 2r 


But dN Bna, where Bnj is the component of Bj^ normal to 

the plane of the circuit, viz. B;^ sin Hence as before 

cOST 

Induced E.M.F. « 

% Problem. — Suppose the current in the above circuit is reversed. 

V Establish Neumann’s law. 


The Quantity of Electricity produced when the Magnetic 

Flux linked with a Circuit changes.— It has just been shown 

that if the magnetic flux linked with a circuit is changing at a rate 

dN dN 

there is an induced E.M,F. in the circuit equal to — If t 

is the resistance of the circuit [in E.M.U. of resistance], the induced 
current will be given by 

r rdt' 


The quantity of electricity set in motion in time At is i . Zl^ = dig, 
say. Hence 


/lg = 


r dt 


.At==: 


r 


When N is the total change in the number of lines of magnetic 
induction threading a circuit and this change occurs in a time t, 
w© may imagine this interval divided up into a large number of 
small intervals. If is the change in N in the k-th interval the 


corresponding quantity of electricity which passes is g^j. : 




Hence g, the total charge of electricity which passes in the time t 
is expressed by 
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Alternatively, the total quantity of electricity set in motion when 
the magnetic flux changes from Nj to Na is given by 

™ Ni-Na _ N 

^ Jj r r ' r 


[if N = Ni -Na] 


[These expressions are only valid if E.M.U, are used. If r is in 
ohms, it must he remembered that 1 ohm s 10^ E.M.U. of 
resistance.] 

The above expressions for g show that the total quantity of 
electricity induced is independent of the rate at which the flux 
changes, but inversely proportional to the resistance of the circuit. 
Moreover, if this quantity is to be measured with the aid of a 
ballistic galvanometer the change must be completed before the 
suspended magnet (or coil) of the galvanometer has moved from 
its zero position. 

The Production of a Continuous Current (D,C.) by means 
of Electromagnetic Induction.— Faraday placed a copper plate 



Fig. 49 * 8 . 

(«) Production of a B.C. by means of a Eotating Disc. 
(&) Disc Eotating at Bight Angles to a Magnetic Bield. 


or disc A, Fig. 49*8 (a), capableof rotation about a horizontal axis, 
I so that a portion lay between the poles of a strong magnet. The 
rim of the disc and its axle were well amalgamated so that there 
was good metallic contact between these parts and copper wires 
leading from them to an astatic galvanometer. When the disc was 
stationary ‘‘ the galvanometer exhibited no effect. But the instant 
the plate moved, the galvanometer was influenced, and by revolviag 
the plate A quickly the needle could be deflected 90^^ or more. Here, 
therefore, was demonstrated the production of a permanent current 
of electricity by ordinary magnets.’’ When the direction of the 
disc’s rotation was reversed the current was also reversed. This 


826 MAGNETISM AND ELECTRICITY 


was a very importaat experiment for Faraday Kad really made tlie 
first dynamo. . 

In 1832 Faraday modified the above experiment by dispensing 
with tbe magnet, NS,^ and using the earth’s magnetic field. The 
disc was rotated in a plan© perpendicular to the direction of the 
total magnetic intensity and Faraday detected the induced current. 

To follow the production of this current more closely, let A, 
Fig. 49*8 {h), be a circular metal rim of negligible resistance. Sup- 
pose that a spoke,” B, of length r, revolves with uniform angular 
velocity, m, about an axis normal to the plane of the rim and passing 
through its centre. Let the free end of the spoke be in contact 
with the rim. Suppose that there is a uniform magnetic field, H, 
normal to the plane of the rim. Let C i and C » be two brush contacts 
connected to a galvanometer G. If the spoke rotates with uniform 
angular velocity the increase in magnetic fiux through the closed 
circuit of the spoke, a portion of the rim, the galvanometer, and 
the leads to it, is, in time AU 

H(|f®m.Zl^)=ZlN(say). 


[H is numerically equal to the magnetic induction if the disc is in 
air.] , 






If the disc makes n revolutions per second, m ~ ^Ttn^ and 

where A is the area of the disc. The magnitude of the induced 
E.M.F.', is' therefore expressed hy 

j e j!:ss nHA E.M.TJ. of potential difierence, 

=^nB.Ax 10*“^ volts. 

In practice there is no difference between the above and a solid 
disc revolving with its plane normal to H, 

Some Calculations Based on Lenz's Law. — (i) A copper disc 
20 cm. in diameter rotates about an axis in a plane normal to H, the 
horizontal component of the earth’s magnetic field. If the disc makes 
5 revolutions per second, calculate the F.D, between the axle and the 
periphery of the disc. 

From the above theory 

I « 1 « 5 X 0*18 X X 10» X 10-* volt ^ 

« 2*8 X lO-* volt. 

(ii) A vertical copper rod 60 c.m. long moves in a plane normal to 
H and from east to west with a velocity of 100 Ejn.hr- What is the 
P.D. between the encte of the rod t 

An application of the R.H,R, shows that the potential is greatest 
at the upper end of the rod. 
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Now in 1 see. the conductor sweeps out an area. 

50 X 10« 

3,600 ' 

Since H == 0*18 gauss (this is numerically equal to the magnetic 
induction if we suppose the motion is in air) 

60 X 10® 

E.M.F. - X 0-18 X 10-« = 2-5 x 10-® volt. 

Eddy Currents. — Currents are not only induced in closed wire 
circuits when the number of lines of magnetic induction threading 
them varies but also in any conducting material placed in a varying 
magnetic field. These are termed eddy currents. These currents 
are frequently the source of much trouble in metal apparatus placed 
in a varying magnetic field. They may cause the metal to become 
very hot. This may he avoided to a great extent by building up the 
apparatus from flat metal strips insulated from one another so that 
the currents are reduced in magnitude. 

In recent years advantage has been taken of these eddy currents 
to melt metals. The specimen is placed in a magnetic field which may 
pass through from 2,000 to 10’ cycles per second. The field of lower 
frequency is produced mechanically while the latter is obtained 
with the aid of a thermionic valve. Not only does the melting take 
place rapidly, but alloys hitherto unobtainable may be prepared by 
placing the constituent metals in a high vacuum. Under such 
conditions the metals do not oxidize and an aUoy may be formed. 

Experiment (i). Place an aluminium ring over a solenoid through 
which an altemating current is passing. If the ring is free to move 
it is thrown violently off— if it is fixed it becomes considerably heated. 

Experiment (ii)» Suspend a copper 
disc between the poles of an electro- 
magnet. When the magnet is excited 
the disc may only be moved with difiS- 
culty and one experiences the sensation 
of forcing the disc through a very viscous 
medium. If the disc moves downwards 
as indicated in Eig. 49*9, the currents 
produced have the directions indicated. 

The magnetic fields associated with these 

axe such that they oppose the 4a-».-.Baay uurrenis 

producmg them, i.e. they are such that produced in a Metal Disc 

the electromagnet tends to cheek the moving in a Magnetic 

motion of the disc. Field. 

Experiment (Hi), Allow a magnetized 
needle to oscillate in turn over a glass sheet and then over a sheet of 
copper. The oscillations die away more rapidly in the second instance 
owing to the eddy currents induced in the metal. 

Arago's Disc.— The last experiment is due to Aeaqo who is also 
responsible for the following copper disc, Mg. 49* 10 
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situated below a magnetized needle NS, was made to rotate rapidly 
about a vertical axis througli its centre. The disc was placed in 
a box so that the needle was screened from air currents caused by 
the motion of the disc. The needle was mounted on a pivot fixed 
to the glass lid of the box. On rotating the copper disc the magnet 



was deflected from its zero position and tended to move in the 
direction of rotation of the disc : if the speed of the latter were 
increased sufficiently the needle rotated continuously. The motion 
of the needle was caused by the eddy currents produced in the 
disc. These are shown in Fig. 49-10 (6). Now the magnet NS 
was acted upon by a couple due to its presence in the horizontal 
magnetic field of the earth and by a couple due to the magnetic 
field caused by the induced currents in the copper plate. For 
continuous rotation of the needle this latter couple must be greater 
than the former, i.e. the plate must be given a high angular velocity. 
If the angular velocity were below a certain critical value, the needle 
was only deflected from its standard position and did not rotate 
continuously. 

Arago first carried out this experiment in 1825, i.e. before Faraday 
had discovered how to induce currents in a circuit. Faraday gave 
the correct explanation. 

As a modification of this experiment, the copper disc may be spun 
about an axis normal to its plane and passing through its centre, 
between the poles of the electromagnet : when the magnet is not 
excited the disc spins easily, but it can only be made to revolve with 
difficulty when the field is present. This is because the eddy currents 
in the disc tend to stop its motion and if the disc is made to rotate 
its temperature increases considerably. 

Method Adopted to Diminish Eddy Currents. — ^Fig. 49*11 (a) 
shows an apparatus devised by WAiiTBNHOFEH. It is essentially 
a pendulum and a strong electromagnet. The former consists of a 
copper plate supported so that it may move in a plane between 
the poles of the magnet. When this is not excited the pendulum 
swings freely after being displaced. If, however, a field of about 
2,000 gauss is established between the poles the motion of the plate 
is very highly damped— in fact it may he dead-beat. Suppose now 
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that a similar plate of copper is cut up into thin strips and that 
these, mounted in a wooden frame [cf. Kg. 49*11 (6)], are supported 
as before. The motion of the pendulum is less damped, i.e. the 
formation of large eddy currents has been prevented. 



Fig. 49*11. — Waltenhofen’s Pendulum. 


Similarly, if an iron rod forms the core of a solenoid carrying 
alternating current, the iron is rapidly heated ; when the core con- 
sists of sheets of iron, insulated from one another by paper, the 
heating effect is diminished. [The solenoid should be made from 
thick copper wire to diminish the Joule effect in it, and the frequency 
of the current high to increase the magnitude of the eddy currents.] 
The Earth Inductor. — Whenaclosed coil is rotated inamagnetic 
field there is a continuous change in the number of magnetic lines of 
induction linked with it, so that a current flows in it. This current 
only lasts whilst the coil is moving and varies from one instant to the 
next. 

Theory, Let A be the effective area of the rotating coil, i.e. the 
area of each turn times the number of coils if they are all equal, or 


the sum of the areas of all the turns if they are unequal, and let this 
coil make an angle 0 with a direction at right angles to tnat of a uniform 
field H— see Fig. 40*12 (a) . Then the number of lines linked with the coil 
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is HA cos 6 = N. The instantaneous value of the E.M.F. is therefore 

r! 

— ~ = — j^(HAcos0) = — BlA.g^(cos0). If R is the resistance of the 

circuit [the coil and detecting galvanometer, etc.] in E.M. units, the 
instantaneous current is 

— ^.HA. ^ (cos 6). 

The quantity of electricity flowing in time is 

HA 

g”d(cos6). 


To determine the quantity of electricity, q> passing as the coil is 
rotated through half a complete turn from a position at right angles 
to H we must integrate the above expression from 0 = 0 to 6 ^ i.e. 




faHA 

Lb ' 


d{cos 0) 


2 AH 
B * 


If c is the throw of the ballistic galvanometer when the coil is rotated 


as above, 


2AH 

B 


== m, or H 


leaB 
^ _ 


where K is the reduction factor for the galvanometer. 

To determine the direction of the induced current when the 
rotating coil is in the position shown in Big. 49*12 (5), Lenzi’s law 
may be applied. Now the magnetic flux through the coil at this 
instant is decreasing, so that, by the above law, the induced current 
must be such that it tends to increase the flux. The current will 
therefore be as shown. 

When the coil is as in Fig. 49*12 (c), the flux through it will be 
increasing ; the induced current will tend to diminish this flux 
and therefore he as shown. [These directions may also be deter- 
mined by Plemmg’s Right-Hand Buie.] 

, , Measurement ' of the. Earth’s Magnetic Field.— -The,. earth 
inductor provides us with a ready means of measuring the dip 
at a point on the earth’s surface. The coil is connected to a ballistio 
galvanometer [and a series resistance if necessary to limit the throw] 
and placed with its plane at right angles to the earth’s horizontal 
field. The coil is rapidly rotated through half a complete turn and 
the throw cTi observed. The coil is then placed so that it is hori- 
zontal and the throw noted. If ^ is the angle of dip, we have 




/CO* 2^^ ^ fC(T jIt 0*2 

’Ia ~ Ia 


The determination of the actual values of H and V is a little 
more difficult since another equation containing /c and B must be 
obtained. [The component of the earth’s magnetic field in any 
given direction may be determined with the aid of the earth in- 
ductor.] A long solenoid P, Fig. 49*139 is connected through a 
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reyersing key K to a battery 0, an ammeter A, and an adjustable 
resistance. Over tbe centre of P there is wound 
a coil, S, of many turns of jfine wire which is con- 
nected to the earth inductor El and ballistic 
galvanometer, G. The galvanometer kick when ^ j 

the inductor is rotated in the usual manner is LJ 
iSrst obtained, and we have, if H is being AAnA'^AA 

measured, llii. 

rr^^CTxR ,,, [Km] 


, The current in the primary is then established 
and adjusted until when it is reversed there is a 
galvanometer throw approximately equal to Oi. f 

Let it be 02 . This throw is due to the fact that 
there is linked with each turn of the secondary 
4:7tnia lines of magnetic induction, where a is the " 
area of one turn — ^generaUy taken to be equal to 
that of the primary on which it is wound — ^and Measui*ement 

imi is the field due to the current i in the of H and V 

primary which has n turns per unit length. When 
the current is reversed Bjinia is the change in the inductor, 
magnetic linkage with each turn of the secondary. 

If there are N turns in the secondary, the quantity of electricity 

passing through the galvanometer is = /fUa. . . * (2) 

From equations 1 and 2 we have 

where the current, I, is measured in amperes. 

Similarly V may be found. 

Previously we have measured magnetic fields with the aid of 
magnets oscillating in them. The method just described possesses 
several advantages : — {a ) Fields of all magnitudes may be measured, 
for if they are weak the galvanometer throw may be increased by 
using coils with a large effective area, whilst if they are strong this area 
must be reduced ; (b) with oscillating or deflecting magnets only 
the horizontal component of a field may be measured but the electro- 
magnetic method enables the field in any direction to be measured. 

Alternating Currents. — It has been shown that the current in an 
, . . . /. . , . HAd , .. . 


earth inductor at any instant is given by i ■ 


(cos 6), i.e. 


— g sin cotf where ct> is the angular velocity of the coil and i the 

time measured from that instant when the coil passes through a 
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position at right angles to the field. The current mil therefore be , 

, „ , , - . , ha® V , . 

zero when cot — 0, and reach its maximum value --^5 — when cot is 
w/2, i.e. when the coil is parallel to the field. Tbe frequency of the 
current is/ == The expression for the current which is termed 

, . „ . HAco . 

an alternatmg-current may therefore he written % = . sm 

27^/1 The quantity has been termed by Campbell, the 
putsatance of the current. [To measure the frequency of an 
A. 0. supply, cf. p. 546.] 

A Simple Test for Alternating Current.— If it is necessary to 
discover the nature of the current in the mains a very simple test is 
as follows : — a carbon filament lamp is connected to the mains and 
held between the poles of a horse-shoe magnet. If the current is 
alternating the filament oscillates very rapidly [if the magnet — ^i.e. 
field — is strong the filament msij be fractured]. No such oscillatory 
movement is observed if direct current is used to light the lamp. 

Faraday's Dynamo, — ^The simplest dynamo, a machine for the 
conversion of mechanical energy into electrical energy, for the pro- 
duction of direct current was first described by Faraday — ^it con- 
sisted of a copper wheel rotatmg in a uniform magnetic field normal 
to its plane and parallel to the axis of rotation. The apparatus 
and method have already been mentioned [cf. p. j825], but it sufiers 
from the disadvantage that only small potential differences can be 
obtained at speeds which are practically possible. 

The Principle of a Dynamo generating A.C.— A coil, PQRS, 
Fig. 49T4 (a), normal to a uniform magnetic field rotates about its 
horizontal axis with constant angular velocity. The ends of the 
coil are joined to two metal rings each touching a carbon “ brush,’’ 
i.e. a carbon plate against which the ring slides. It has already 
been shown that the instantaneous value of the E.M.F. in this 
circuit is given by 

— HA^ cos 6 = HAm sin 0, since m = 
at dt 

The B.M.F. therefore alternates between extreme values + HAm 
and HAm, and becomes zero twice in each complete revolution 
of the coil. Such an E.M.F, i^ termed an alternating one — ^it is 
represented by the sine curve shown in‘Fig. 49-14 (b). The direction 
of the current at any instant is determined by applying Lenz’s law 
[cf. p. 821], or the Eight-Hand Eule. When PQRS is parallel 
to the field, the mdueed current fiows from P to Q in PQ — cf. 
Fig. 49*14 (c ) ; but when PQ occupies the position now occupied 
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by SR, tbe eurrent in it will be from Q to P, i.e. the current is an 
alternating one, 

Ti and Tg are terminals by means of which the potentials at 


^S^3la.gnetic 
: Field 



Motion 



rB, 1 ■ i 

^ , One c ucfe 

■. " (b) 

Fia. 49*14.“-Principl0 of a Dynamo Generating A.C. 

the brushes may be applied to an external circuit in which an 
alternating current then flows. 

Rectification of an A.C. : The Generation of a D.C. from 
an A.C. — ^In order to produce a direct current from the alternating 
current obtained with the aboye apparatus a split commutator is 
used. This is shown in Eig. 49T5 {a). The carbon brushes Bi 
and Ba are alternately in contact with the sections C and D of the 
split commutator as the latter revolves. The brushes are so placed 
that at the instant when the E.M.F. is changing its sign B leaves 
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B j and makes contact with. B 2 . The current in the external circuit 
therefore flows in the same direction always, but it becomes zero 
twice in each revolution of the armature. Such a current is said 
to pulsate — ^it is represented graphically in Fig. 49*15 (6). The 
pulsating nature of the current may be toned down by using a 
number of coils and a commutator with twice that number of 
segments. Fig. 49*15 (c) shows how two such coils may be arranged. 
It will be seen that the brushes are only in contact with two opposite 
segments in turn while the E.M.F, is in the neighbourhood of its 
maximum value, i.e. only the upper portions of the E.M.F. curves 
are effective. Fig. 49*15 (d) shows how the voltage across the 
terminals varies with the time. 

Further Remarks about Dynamos.— Figs. 49*16 (a) and (b) 
show arrangements for the production of A.C. and D.G. respectively 




Fio, 49*16. — Production of A.C. [non sine wave-form] and D.C. 

by rotating a coil in a magnetic field. The E.M.F.’s will be greater 
than those obtainable with the simple dynamos hitherto considered, 
since the fields in which the coils rotate are increased by the use of 
.^rmanent magnets as shown. But the field is no longer uniform, 
so that a steady rotation of the coil no longer produces an alternating 
current having a sine wave-form. 

In actual machines the field in which the armature rotates 
is provided by a large electromagnet, excited by the current from 
the dynamo itself. When a dynamo is started up there is usually 
sufficient magnetism remaining in the magnet for a small current 
to be produced. If this current or a portion of it is allowed to 
flow through the coils of the electromagnet, the magnetic field 
increases. When the whole of the current generated flows through 
the coils of the electromagnet the machine is said to be series 
wound* When only a portion of the current is used to excite 
the electromagnet the machine is termed a shunt-'Wound 
dynamo — see Fig. 49*17. The current from a series- wound 
dynamo varies considerably with the type of external circuit to 
which it is connected. If the resistance in this circuit is increased, 
the magnetic field is reduced since the exciting current is reduced. 
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With a shunt-wound d37Baino, however, an increase in the resistance 
of the external circuit causes a larger fraction of the current to 
pass round the magnet’s coils ; this in- 
creases the field so that the current 
from such a machine tends to remain 
constant. 

The output from either t 3 ?]pe of machine 
is limited by the power available for driv- 
ing it, for we must remember that as the 
current increases an augmented efiort is 
necessary to turn the armature. This is 
due to the fact that the induced cur- 
rents are in such a direction that they 
tend to stdp the motion. 

The potential difference between the 
brushes of a shunt-wound dynamo when 
the load is continually changing — as in a 
lighting circuit — changes slightly but nevertheless sufficiently to 
render this machine unsuitable for purpose of lighting. The defect is 
remedied by using a compound-wound dynamo, i.e. a shunt-wound 
machine in which a few series windings have been introduced. 

The Gramme Armature . — ^The arrangements hitherto described 
for the conversion of mechanical energy into electrical energy have 
been chosen on account of their simplicity. The currents produced 
are very weak : they could be increased by augmenting the angular 
velocity of the armature but in practice this is impossible, partly 
on account of excessive wear in the running parts. In order to 
mcrease the output it is necessary to use iron to increase the varia- 
tion of magnetic flux through the rotating coil. Only the essential 
features of one such arrangement, due to Geammb, wiU be mentioned. 
A circular iron ring is placed between the semi-oylindrical pole 
pieces of an electromagnet N and S, Fig. 49T8 (a). The lines of 


(€t)' ■ (b) 

Fig. 49*18. — A Gramme Armature. 

magnetic induction tend to pass through the iron ring as shown. 
Suppose that a closed coil, P, is fixed to the riag and that the ring 





Fig. 49* 17. — Shtmt- Wound 
Dynamo. 
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rotates about an axis through 0, the centre of the ring, perpendicular 
to the plane of the diagrana. Then the magnetic flux through the 
coil is zero when it is in the positions (ii) or (iv), and a maximum 
when it is at (i) or (iii). It follows, therefore, that as the armature 
rotates an alternating E.M.F. will be produced in the coil. It will 
only be approximately simple harmonic in character. 

If the coil is furnished with leads to a split commutator direct 
current may be obtained— it will, of course, pulsate. 

To obtain a dii’eot current suitable for ordinary use the armature 
is wound as in Pig. 49-18 (6). The ring is wound uniformly with 
copper wire and at regular intervals contacts are taken to separate 
regments of the commutator. The whole system comprising the 
sing, windings, tappings, and the commutator rotates with the axle 
to which the system is attached. The brushes are carbon plates 
fixed in space so that the different segments slide past each brush 
in turn once in each revolution. Leads attached to the brushes 
allow direct current to be taken from the generator to an external 
circuit. Let us see why the E.M.P. no longer pulsates. 

If we consider any one of the segments of the commutator as it 
rotates, its potential will vary — ^in fact, twice in each revolution 
it will be zero and twice atom a maximum value (but with a 
different sign). The.fixed brushes are arranged so that contact is 
made with each pair of opposite segments in turn when the potential 
difference between them is in the neighbourhood of its maximum 
value. If there is a large number of segments the potential differ- 
ence between the brushes remains practically constant. 

D.CvMotora.— It has already been shown [cf. p. 729] that a 
inductor carrying a current moves when placed in a magnetic 
.field if the conductor is free. This is the basic principle of all 
electric motors. Any of the direct current dynamos just described 
will run as motors if connected to a suitable supply of direct current. 

Back E.M.F. in Motors. — Suppose that R is the resistance of 
the amature windings and the coils of the field magnets. Let a 
battery of E.M.P. V be connected to the terminals of the machine. 

Y 

If the armature is at rest the current through it is given by 0 

Since R is small this current is large. But if the armature is allowed 
to rotate an induced E.M.r. will be set up in its windings. It will 
oppose the E.M.P. of the battery. This back E.M.P. (or counter 
E.M.F.) win increase as the armature rotates more quickly. Sup- 
pose that it is V at any instant. Then the current in the circuit 
at that instant is given by 


If the machine is Motionless and no external work is performed, 
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the angular velocity of the armature will increase until V == t?, i.e. 
no current is then being supplied by the battery. The armature 
would then revolve with constant velocity. 

Suppose, however, the machine does work. If 0 is the cmrent 
supplied by the battery, energy is then being dissipated at a rate 
yC watts, if the current and voltage are expressed in practical 

V — V 

units. Now C is equal to The rate at which heat is 

developed in the armature windings is therefore 

C^E = — watts. 

Hence the rate at which external work is done is 

= — ^ ~ ‘vy* watts (say). 

This expression shows that the external work done is zero if 
V = 2 ?, or if ?? = 0. The first condition has already been discussed : 
the second applies when the armature is at rest. 

To find the condition that the power developed should be a 

maximum we obtain and equate it to zero, V and E being 

constant. We have 

■ir"“R=0, or = 

i.e. the back E.M.E. is half the applied E.M.E. 

It does not follow, however, that this is the most' economical 
condition for running the motor, for 

Y-v 


0, or : 


Energy converted into useful work per second __ ^ 

Energy supplied per second / V — v \ Y 

\ E / 

If V = |V, the above ratio is 0*5. The speed at which a motor is 
run is generally such that v = 0*9V, when the above ratio is 0*9./ 
Mutual Inductance,— It has been shown that whenever an 
electric current changes in a circuit (primary) there is established 
an induced electromotive force in any neighbouring closed circuit. 
The two circuits are said to possess mutual inductance^ Let 
us examine this phenomenon more closely. It is well known that 
when a current flows in the primary circuit that there is present 
a magnetic field in the region round the circuit. Consequently 
there will be a definite number of lines of magnetic induction associ- 
ated with any closed circuit situated in the magnetic field due to 
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the current in the primary* Now as long as the primary current 
remains constant and the positions of the circuits relative to one 
another do not change, the number of lines of magnetic induction 
threi^ding the secondary circuit is constant, and there is no induced 
electromotive force in that circuit. But if either the current in 
the primary, or the distance apart of the two circuits, varies, then 
there is at once produced an electromotive force in the secondary, 
and this continues to exist for as long as the number of lines of 
magnetic induction threading the circuit is varying. Now the 
number of lines of induction threading the secondary circuit depends 
on the strength of the current in the primary and on the relative 
positions of the two circuits, i.e, it depends on the current in the 
primary and on the geometry of the circuits. 

Iff is the current in the primary circuit, the magnetic flux through 
the secondary is mi, where m depends only on the geometry of 
the system if no ferromagnetic material is present. When % varies, 
we have 


Electromotive force in the secondary = — m 

The quantity m is termed the mutual inductance or the co- 
efficient of mutual induction of the two circuits. It can be 
proved that for two given circuits m is constant ; i.e. it does not 
matter which is the primary circuit and which is the secondary. 
The numerical value of the mutual inductance of a pair of coils 
is equal to the number of lines of magnetic induction through one 
of these coils when one E.M.U. of current flows in the other. 

Erom the equation given above it is seen that the mutual in- 
ductance of a pair of circuits may be defined as 

the electromotiv e force in the secondary 
the rate of change of the current in the primary* 

Wlien the E.M.P. and the current are measured in absolute units 
of electromotive force and current respectively, the mutual induct- 
ance is measured in absolute units of inductance. The practical 
unit of inductance is the henry, and a pair of circuits has a mutual 
inductance of one henry when, if the current through one circuit 
is changing at the rate of one ampere per second, an electromotive 
force of one volt is induced in the other circuit. 

Since 1 volt is 10* E.M.U. of potential difference, and 1 ampere 
is 10"*”^ E.M.TJ. of current, 


1 henry 


1 volt 

”” 1 ampere . sec*^ 

— of potential difference 

10”^ E.M.U. of curreiiii . 
ass 10^ E.M.U. of indtuctanoe. 
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When Earaday constructed the apparatus shown in Eig, 494, he 
had reaUy constructed the first mutual inductance. The mutual 
inductance of two coils is increased several hundred times when 
the primary is wound upon an iron core, but the mutual induotance 
is no longer a constant. Such an induotance is essentially a trans- 
former if the primary is connected to an A.C. supply. 


Practical Standard of Mutual Inductance.~A practical standard 
of mutual inductance — -see Eig. 4949* — ^is constructed by winding a coil 



Pig. 49*19. — Standard of Mutual Inductance. 


of many turns of wire (the secondary SiSg) on the middle portion of 
a long uniformly wound solenoid (the primary PiPa ). Let this solenoid 
have fix turns per tmit length, and suppose that the ctirrent through 
it is i. Then the magnetic field inside the solenoid is 4:3xni^ and is 
uniform over any cross-section near the middle of the coil. If the 
cross-sectional area of the coil is jrr®, then the flux through the primary 
is 45 inxi . Now outside the primary the magnetic field is very 
small so that if the secondary coil is very closely wound on the primary 
we are justified in stating that the flux through each turn of the second- 
ary is also 4cn^nirH : if there are turns in the secondary, the total 
magnetic flux linked with that circuit is 4i7t^nxn^rH, If the current i 
di 

is changing at a rate ^ the B.M.E. in the secondary circuit is equal 
to the rate at which the flux through it diminishes, i.e. 

d di 

But this is equal to — m . where m is the mutual inductance of 
the two circuits. Hence 

^ absolute or E.M. imits of inductance 

^ X henry. 

It cannot be emphasized too strongly that in an iron-foee circuit 
the coefficient of mutual induction depends only on the geometry of 
the system, a fact which is at once apparent from the value of m deduced 
for the above pair of coils. Such an inductance is used to standardize 
the throws of a ballistic galvanometer [cf. Eig, 4943, p. 831.] 

Seif Inductance.— When a current flows in a circuit there will 
he a definite flux of ma^etic induction through that circuit due 
to the current in the circuit itself. The amount of this flux depends 
only on the geometry of the circuit and the current, if no ferro- 
magnetic material is present. We may therefore write, 


Magnetic flux = li, 
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where I a constant for the circuit, and i the current in it. Now 
when the current changes there will be a variation in the flux through 
the circuit and consequently an induced electromotive force. In 
virtue of this there will be superimposed on the main current an 
induced current. By Lenz’s law, the direction of this current is 
such that it tends to diminish an increasing current and to maintain 
one which is decaying, Le. it tends to keep the magnetic flux linked 
with the circuit constant. It is owing to this fact that a current 
does not assume its flhal value at once ; the interval of time may 
vary from a small fraction of a second to several minutes. 

From Neumann’s law of electromagnetic induction we may derive 
a value for the induced E.M.F. in a circuit due to changes in the 
current through it. We have 

Induced E.M.F. = - - j^{h) = - i ^ 

if Hs a constant, i.e. if ferromagnetic materials are absent. The 
quantity I is termed the self-inductance or coefficient of self- 
induction of the circuit. 

The units for self-induotance are the same as those of mutual 
inductance and a circuit has a self-inductance of one henry when, 
if the current is changing at the rate of one ampere per second, 
an opposing E.M.F. of one volt is set up in ‘the circuit. 

The coefficient of self-induction of a circuit is numerically the 
same as the number of lines of magnetic induction linked with it 
when the current through the circuit is 1 B.M.U. of current. 

Effects of Inductance^— The presence of induction in a circuit 
or between a pair of circuits effects the current in several ways ; 
it Must be remembered, however, that the inductance has no effect 
as long as the strength of the current remains constant, hut when 
it is growing or decaying the inductance plays an important part 
in determining the magnitude of the current at any instant. In 
all instances, the effects of induction are to oppose any variation 
in the current — ^when the current is increasing the inductance tends 
to make it increase more slowly ; when the current is diminishing 
in intensity the inductance of the circuit ‘tends to maintain it. 

The presence of self-inductance in a circuit manifests itself by 
the so-called appearing as a spark when an inductive 

circuit is broken. If the inductance is very big the spark is very 
bright and a person holding the ends of the wire which is fractured 
may receive a severe shock due to the high E.M.F. induced in 
the circuit. To avoid the effects of self-inductance in resistance 
coUs the wire is wound non-inductively, i.e. the free ends of the 
wire are soldered to the terminals, the wire made into a loop, and 
then wound on the bobbin. 
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Self- Inductance of a Solenoid, — Let us calculate the self-induct- 
anee of a long uniformly wound solenoid. The solenoid must be narrow 
compared with its length A, so that we may neglect any want of uni- 
formity in the magnetic field inside the solenoid. The magnetic in- 
tensity in such a coil is 4jim, where i is the current in E.M.U. and n 
the number of turns per cm. If r is the radius of the coil, the magnetic 
flux through it is 4:7tni . titrK The total flux through the turns com- 
prising the length A of the coil is 4:7t^nrH , nX == When the 

current varies the E.M.F, induced in the coil is 

di di 

Hence Z = 47i:%®r®A E.M.IJ. of inductance 

= 47r®ri»®r®A x 10“*® henry. 

Faraday^s Ring Transformer. — transformer is an instrument 
whereby an alternating current supplied at one voltage may be 
changed to one at another — ^there is no change in frequency, how-"* 
ever. If the voltage is raised and the current diminished we have 


/ 



\ Lines of Magnetic 

Induction 

Fia. 49*20.— -A Ring Transformer. 


a step-up transformer : if the voltage is reduced, the current being 
increased, we have a step-down transformer. In each instance the 
principle is the same and we shall confine our attention to simple 
transformers ; they were invented by Farauay. In a step-up 
transformer the primary coil consists of a small number of thick 
turns of copper wire wound on an iron ring or core and insulated 
from it and one anotber— see Fig. 49*20. The secondary then 
consists of a large number of turns of thin insulated wire. When 
an alternating current passes through the primary the iron is mag- 
netized so that the lines of induction are first in one direction and 
then in the other ; hence there is a continuous changing of the 
linkages with the secondary The E.M.F. induced in the secondary 
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is appmxiHiately n times that across th^ primary if n is the 
ratio of the immber of turns in the secondary to that in the 
primary. 

A very simple but inefficient transformer may be made as follows 
-—see Fig. 49-2L A rod of soft iron, XY, is wound at one end with 

a coil, PiPgj consisting of 
several turns of thick wire. 
This is connected through a 
lamp, L (this acts as a re- 
sistance), to an A.C. supply. 
The other end of the rod is 
wound with a coilj SiSg, con- 
sisting of many tiirns of 
thin wire ; the ends of this 
coil are connected to a tele- 
phone T. A note of the same 
frequency as that of the A.C. 
supply is heard in the phones. 

If no A.C. supply is available a battery may be used — a distinct 
click will be heard in the phones each time the battery circuit is 
made or broken, but when the current is established the phones are 
silent. 

Further Notes on Transformers. — ^Transformers supplying 
electrical energy at 100,000 volts are in frequent use. In them 
good insulation of the turns of wire from each other and from the 
iron core is very essential. To satisfy these requirements all such 
transformers are immersed in oil, the dielectric strength of which 
is much greater than that of air. 

The cores of transformers are not solid, but are laminated, i.e. 
they consist of strips of soft iron--or iron with a certain amount 
of silicon on account of the high permeability of this alloy — ^in- 
sulated from one another. In this way loss of energy due to the 
formation of large eddy currents is avoided ; moreover, the tem- 
perature of the core does not become excessive when these currents 
are reduced in magnitude. 

It is also important to select a material for the core in which the 
hysteresis loop is narrow, i.e. the loss of energy due to hysteresis 
in the core will be small. 

For use with high-frequency currents, e.g, currents at radio 
frequency, transformers cannot be wound on an iron core since the 
molecular magnets in the latter are unable to respond to variations 
in the magnetizing field by altering their orientation sufficiently 
rapidly. Such transformers have an “ air core and the support 
for the wires must not contain any metal on account of the eddy 
currents which Would be produced in ' them. 


X 
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The Transmission of Electrical Energy* — ^Let G, Eig. 
49*22 (a), be the generating station for the supply of el^trioal 
energy to a town T, Let R be the resistance of the leads from 
6 to T and back. Let V be the voltage developed at the generator, 
and 0 the current to be delivered. Then the generator is developing 
energy at a rate of VC watts. The rate of loss of energy due to the 
Joule effect in the wires is C^R watts. Hence the power available 
at T is 

VC C»R = C(V OR) = W (say). 

From the above equation it appears that W will be practicaUy 
equal to VC if O^R is made small. One method of doing this is 
to make R small, i.e. the cable must have a large diameter. The 



Fig. 49*22. — ^Transmission of Electrical Energy. 


initial outlay for a long cable of this type is prohibitive. Another 
method of reducing the losses due to heat developed in the wires 
is to make G small. But when this is done the voltage must be 
raised in order that the wattage supplied shall still be equal to W. 

If V is to be large several considerations have to be noted. In 
the first place the insulation between the component parts of the 
generator would have to be almost perfect — ^practically this is 
impossible. Then again it is not desirable to supply current at a 
high voltage for domestic and factory use in general on account 
of the danger from shocks. Transformers supply the means whereby 
the current may be generated at a relatively low voltage, stepped 
up for the purposes of transmission, and then stepped down before 
being used by the consumer at a low voltage— 230 volts is now the 
standard voltage in Great Britain. Nowadays the energy is trans- 
mitted at 300,000 volts— see Fig. 49*22 (6). 

Small Household Transformers.— For ringing electric bells 
current supplied from a 6- volt source is neces^ry. Instead of using 
cells a step-down transformer may be used if an A.O. supply at a 
higher voltage is available* lUg. 49*23 shows the wiring of the 



844. ' ■ ■ MAGNITISM AND ELEGTRIOITY ;■ 

necessary circuits when a bell may be operated from two different 
positi^s. 



transfonmen 

Fia. 49‘23. — ^Transformer for Domestic Use — ^House Bell Circuit. 

The Induction Coil.— The induction coil is a type of transformer 
whereby a comparatively strong current [direct] at a low voltage 
may be transformed into a weak current [intermittent] at a very 
high voltage. Essentially such a coil consists of a few turns of 
insulated thick odpper wire, wound on a laminated core of soft-iron 
wire, surrounded by many turns of thin copper wire (double silk 
covered ) on an ebonite or bakehte tube. This latter coil is termed 
the secondary. The core is not solid to reduce the magnitude of 
the eddy currents produced in it. | When the current is switched 
on, and while it is reaching its final value, the iron becomes mag- 
netized ; during this process the magnetic flux across the secondary 
coil varies continuously so that a large P.D. is established betweeh 
its ends, and if these are sufSoiently close together an electric dis- 
charge takes place across the intervening space. If the primary 
current is then broken an E.M.P, (of opposite sign) is prodticed in 
the secondary circuit. The subsidiary adjuncts on a modem coil 
are merely there in order that the primary current may be repeatedly 
made and broken very rapidly. The manner whereby this is 
accomplished is indicated in Kg. 49*24 (a). The primary current is 
supplied from the battery B, and after traversing the upright and 
screw D it flows along the primary coil, P. The iron becomes ex- 
cited and attracts the soft-iron hammer H, whereby the platinum 
contact A is withdrawn from D and the current is broken. The 
hammer, being supported at the extremity of a steel spring, and 
no longer attracted by the magnet, flies back, and the primary 
circuit is again closed. After each make and break the potential 
in the secondary assumes a very high value. It has been found 
that this arrangement works well if the sparking at A is reduced to 
a minimum. This is achieved by placing a condenser, G, in parallel 
with the spark gap. The condenser usually consists of , sheets of 
tinfoil, paper being the dielectric, alternate sheets of the foil being 
connected t<^ether. The spark gap is furnished with platinum 
points, and since this is not easily vaporized the sparking is less 
persistent. 
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Pig. 4;9'24.-— (a) An Induction Coil. (6) Diagraminatic Representation. 


A diagrammatic representation of an induction coil is shotm in 
Fig. 49-24 (6). 

The relation between the primary current and the E.M.Fi in the 
secondary of an induction coil is shown in Kg. 49-26. It will be 



Fig 49-25.— Relation between E.M.F. in Secondary and Current in Primary 
of an Induction Coil. 

noticed that the above E;M.F. is a maximum just after the primary 
current has been broken. Where high voltages are essential this 
is the useful part of the E.M.F., and since it is large compared with 
the induced E.M.F. at other stages of the cycle of changes, it follows 
that the E.M.F. in the secondary is almost unidirectional but inter- 
mittent. A factor helping further to increase the secondary E.M.F. 


I 
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after the breaking of the primary current is the small reverse current 
in the primary due to the discharge of the condenser through it. 
Thus the condenser not only diminishes sparking at the “make 
and break,” but also helps to increase the useful part of the secondary 
E.M.F. 

Notes on the Construction of an Induction Coil. — ^In a 
modem large induction coil the main details of construction are 
as follows. The secondary coil is made up of a number of flat 
sections 3 mm. to 5 mm. thick. Generally, these sections are 
wound separately and then assembled, the ends of the wire between 
adjacent sections being soldered together so that one continuous 
winding is formed. Each section is known as a “ pie.” To con- 
struct one of these, a piece of ebonite is turned in a lathe until 
it has the shape shown in Fig. 49*26 (a). This is then supported 



49*26.-~“Constraction of an Induction Coil. 


on the “ former ” shown in Fig. 49*26 (6), so that it may be wound 
with wire. While the winding is in process the wire is mn through 
molten parafBn wax : this not only improves the insulation but 
helps to make each pie a solid entity. 

The primary consists of a core of soft-iron wire mounted in a 
ba|:elite tube. The primary current is carried by a double layer 
of insulated thick copper wire wound on the above tube : the whole 
of this Is mounted in another bakehte tube. The pies are then 
assembled on this as indicated in Fig. 49*26 (c). The soldering is 
done as each pie is added. When the requisite number of pies has 
been added, the whole is pressed firmly together, preferably while 
it is immersed in molten wax in a vacuum, so that all air bubbles 
shall be removed from between the wires. 

The main advantage of constructing the secondary in this way 
is that high potential differences between neighbonring parts of the 
^condary are avoided— the risk of a breakdown of the insulation 
is thereby diminished. 
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The Coil Ignition set for a Motor-car,— B, Kg. 49-27, is the 
battery supplying current to the primary, P, of a small induotion 
coil, when the spark gap is closed. A condenser is placed across 
this gap as in an ordinary induction coil. By means of a rotating 
shaft, a cam is driven so that the spark gap is opened and closed 
many times per second. In consequence of this a large P.D. is 
established between the ends of the secondary, S, of the coil, one 

Dlstributop 
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Fia. 49*27.^ — Coil Ignition Set for a Motor-car. 

of which is earthed. The other end is connected to a rotating 
arm A, forming part of the so-called distributor. Dj, D^, D^, and 
D 4 , are metal stxids fixed in an insulating material. Each stud is 
coimected to one end of a sparking plug, the other end being earthed. 
When, for example, A touches D^, there is a large potential differ- 
ence across the second plug and a spark passes igniting the petrol-air 
mixture in the second cylinder of the car. In turn the mixture 
in each cylinder is fired. VM ^ 

Wehnelt Electrolytic Interrupter. — ^In order that the circuit 
on an induction coil shall be broken rapidly ^ 

so that the secondary E.M,F. may be as 
great as possible, the mechanical make and 
break described above is frequently replaced rirr^ 
by a Wehkelt interrupter. A and B, Eig. 

49*28, are two electrodes dipping into dilute 
sulphuric acid contained in a glass vessel. 

A is a large plate of lead coimected to the 
negative pole of a battery, while B is a 
platinum wire, mounted in a porcelain sleeve, ||r 
so that only its extreme point is in contact . 

with the acid. The extent to which the Pic. 49*28.— A Welmelt 
platinum projects from its sheath may be roy ic mip 

control!^ by a screw S. When the poten- 
tial difference across this apparatus exceeds 30 volts the current 


Electrolytic Interrup- 
ter. 
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density ill the region of the electrolyte near the platinum point 
is very great and a considerable amount of heat is produced 
locally. Moreover, the amount of electrolyte decomposed here is 
large, A gas-layer covers the point of the platinum 'wire and the 
current is broken. A spark passes at this point — necessary the 
energy of the spark may be increased by placing a coil possessing 
self-induction in the circuit — and this causes the bubble to detach 
itself from the wire. Contact is then re-established and the process 
repeated. With the aid of this interrupter the circuit may be made 
and broken a 1,000 times per second. Eo condenser should be 
placed in parallel with the interrupter for this diminishes the 
energy of the. spark, thereby impairing the efficiency of the 
instrument. 



Mercury Interrupter. — ^An interrupter capable of making and 
breaking a circuit 1,500 times per second but entirely difierent in 
principle from that designed by Wehnelt, is shown in Eig. 49*29 {a), 

A is a naiTOw metal tube whose 
upper end is made horizontal, 
while its lower end is comiected 
to a metal sphere provided with 
several small holes, so that the 
mercury into which it is placed may 
pass freely towards the tube A. 
The whole is covered with an 
insulating oil and one which 
does not decompose when heated 
locally by a spark. B is a pulley 
by means of which the tube A 
may be rotated rapidly about a vertical axis. When this occurs 
a fine jet of mercury emerges from A and strikes 0, a cylindrical 
** mat ’’ made of pieces of metal and ebonite arranged alternately 
see Fig. 49*29 (5). These metal pieces are connected together 
and to one pole of a battery while B is joined to the other pole. 
Current will only pass from A |o C when the mercury jet is in 
contact with one of the metal pieces. In this way a means of 
making and breaking the circuit rapidly is provided. A condenser 
placed across A and C diminishes the energy of the sparks occurring 
when the circuit breaks, i.e. the actual break takes place in a shorter 
interval of time. 


Ifio. 49*29.—A Mercury Break 
(Mechanical Intormpter). 


Telephony .---Gbaham Bell, about 1876, invented a telephone 
which first embodied the essential features of the modern instrument. 
It could be used both as a transmitter and as a receiver. A modern 
form is shown in Fig. 49*^. A thin iron diaphragm B is situated 
behind the mouth-piece M, and immediately behind the diaphragm 
are soft iron pole pieces, P, fastened to the poles of a permanent 
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horse-siioe mag:net, L. This is held in position by the screw S 
passing through the ebonite cover. Many turns of fine insulated 
wire are wrapped round the pole pieces 
and the ends of this wire are joined to 
the terminals T. The permanent magnet 
L keeps the pole pieces magnetized in a 
condition corresponding to the steep por- 
tion of the curve shown in Fig. 50-3. 

Hence any small change in the magnetic 
field causes a considerable variation in 
the pole strength of these pieces. 

To transmit a verbal message two such 
instruments were installed and connected 
by a wire and also to earth. No battery 
was used. When words are spoken into 
such an instrument the pressure fluctu- 
ations in the air cause the diaphragm to 
vibrate. There is then a piece of iron [the 49*30.— Telephone, 

diaphragm] alternately approaching and 

receding from the poles of a magnet, so that the density of the 
number of lines in the magnetic field between the pole pieces under- 
goes corresponding fluctuations. 
Induced currents in the coils 
round P are thereby set up 
and these are transmitted to 
the second station. These 
cause identical variations in 
the field round the pole pieces 
Fig. 49*31.— Earphone. . of a sinGularly constructed in- 
strument so that its diaphragm 
executes vibrations almost identical with those of the diaphragm 
at the transmitting station. This throws the air surrounding it 
into vibration and the sound is reproduced. 

In Fig. 49*31 there is shown a section of an ear-phone. Its mode 
of action is similar to that of the telephone just described. 

The Microphone.— Nowadays the above instruments are only 
used as receivers, for the currents trans- 
mitted when they are used for that 
purpose are too weak to enable .the 
message to be conveyed across long 
distances. The microphone, invented 
by Hughes, is an essential part of all 
modern transmitters. The following 
experiment enables us to understand 
the action of such transmitters ; — Fio, 
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E^^Hnmnt^ A pointed piece of carbon B, Big. 49*32, rests in two 
notcbes cnt in two carbon plates A, 0. These are fixed in an insulating 
stand and connected to a telephone and battery . Any slight mechanical 
vibration causes the resistance at the carbon contacts to vary con- 
si<lBrably and the current in the circuit will vary accordingly. If a 
watch is placed near to the instrument its ticks appear like the^ strokes 
of a blacksmith’s haromer if the telephone included in the circuit is 
placed close to one’s ear. * 


Hnmiing's Transmitter.— This instminent which depends upon 
the microphone principle is shown diagrammatically in Fig. 49*33. 
The space (2 mm. ) between a fixed metal plate A and a diaphragm 
D is filled with carbon granules. A circuit is formed by connecting 

A and I> to a battery and the 
primary of a small induction coil. 
The secondary of the coil is con- 
nected to two line wires. The 
vibrations of the diaphragm cause 
fluctuations in the value of the 
primary current so that a small 
current at a high voltage is produced in the secondary, and this is 
transmitted along the line. It is necessary to use a return wire 
in this instance, for if it is dispensed with the inductive action of 
neighbouring circuits creates such a continual hum in the ’phones 
that the reception of speech becomes impossible. 



Fig, 49-33. — Hunning’s Transmitter. 


EXAMPLES XLIX 

1. — State and explain the meaning of Neumann’s law of electro- 
magnetic induction. Describe an induction coil and explain how it 
works. 

2. — Describe and explain the action of (a) an induction coil or a 
transformer, (&) a microphone. 

3. — Write a short essay on Faraday’s discovery of electromagnetic 
indiuction. 

^^-Describe the construction and explain the action of an alternating 
curi’ent transformer. Discuss its uses. 

5. — A copper disc, 20 cm. in diameter, rotates on its axis normal 
to its plane 50 times a second in the earth’s horiasontal field. Assuming 
H to be 0*18 gauss and the dip tan*"^ 2*5, calculate the potential 
digerenoe between the circumference of the disc and its centre. 

^ — A circular copper disc of radius 20 cm. rotates on its axis 80 
times a second. If the plane of the disc is normal to a magnetic field 
of strength 500 gauss, calculate the current when copper brushes touch 
the axis and periphery of , the disc and the resistance of the external 
circuit is 10 ohSns. 

7. — Calculate the potential difference between the ends of the axle 
of a carriage wheel when a train is travelling at 60 kilometres per hour 
across a horizontal plane where H is 0*2 gauss and the dip 46®, The 
length of the axle is 1*2 metres. 
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8. — State Lena’s law of induction of currents. Calculate the maxi- 
mum electromotive force induced in a circular coil of wire rotating 
6 times per second about a diameter and at right angles to a magnetic 
field of strength 0*2 gauss, the effective area of the coils being 20,000 
cm.®. 

f ‘%) — What is known concerning the electromotive force in a circuit 
placed in a magnetic field of varying intensity ? A metal rod 1 metre 
long rotates about one end in a plane at right angles to a magnetic 
field of intensity 0*2 gauss. If the rod makes 2 revolutions per second, 
what is the difference in potential between its extremities ? 

10. — Under certain con&tions a sphere of soft iron tends to move 
at right angles to the lines of force in a magnetic field. Describe the 
conditions and account for the phenomenon. (L, ’23.) 

11. -— Describe and give the theory of the method by means of which 
the vertical component of the earth’s magnetic field may be found. 

1^1 — State Lena’s law of electromagnetic induction, and describe 
experiments to illustrate it. 

Explain the essential features of a simple form of dynamo for pro- 
ducing “ direct ” current. 

(13.; — coil of wire of 6 turns, each 1 cm.® ineffective area, is connected 
to a ballistic galvanometer of the moving magnet type, the total resist- 
ance in the circuit being 20 ohms. On introducing the coil into a strong 
magnetic field, the maximum deflexion recorded by the galvanometer 
is the same as that recorded when a condenser whose capacity is 
and whose plates have a potential difference of 1 volt between them, 
is discharged through the galvanometer. What is the strength of the 
magnetic field ? Wotild your result be correct if a moving coil gal- 
vanometer were employed? 

14. — ^Define the absolute and the practical unit of inductance. Wliat 
is the relation between them ? 

What is the self inductance of a solenoid of lejsigth l 
of n turns of wire of cross-sectional area « cm.®, the core on which the 
solenoid is wound having a permeability 

^i|)— Define mutual inductance. 

Derive an expression in practical units for the mutual inductance of 
two coaxial coils of wire, the inner one of 250 turns of wire wound on 
a wooden core 50 cm. long and 2 cm. in diameter, while the outer one 
consists of 1,000 turns wound closely roimd the ixmer coil. Would 
you regard such an inductance as an absolute standard of mutual 
inductance ? 

— ^A circular disc 20 cm. in diameter rotates 5 times per second 
about an axis through its centre in a magnetic field normal to its plane. 
If the field has an intensity of 100 gauss, calculate the potential differ- 
ence in volts between the axis and the periphery of the disc. 



CHAPTER L 


THE MAGNETIC PROPERTIES OF IRON AND 
STEEL 


When a rod of soft iron is placed in a magnetic field the com 
figuration of the field is changed for the lines of induction tend 
to concentrate themselves in the iron. In addition, north-seeking 
polarity is exhibited by the iron specimen at the end where the 
fines of induction leave it, and south-seeking polarity at the end 
where the fines of induction enter, i.e. the magnetic axis of the 
iron tends to point in the same direction as the magnetizing field. 
The iron has been magnetized by induction. 

Magnetic Intensity and Magnetic Induction.— The magnetic 
intensity at a point in air [strictly speaking, in a vacuum] has 
been defined as the force per unit positive pole on a small positive 
pole placed at the point. ‘When it is desired to measure the force 
on such a pole inside a piece of iron, or other magnetizable sub- 
stance, a cavity must first be made in the specimen so that the 
small pole may be introduced into it. Now the walls of the cavity 
wil exhibit magnetic polarity which will contribute to the total 
force on the small pole in the cavity. The contribution will be 
determined, in part at least, by the shape of the cavity, which 
must therefore be carefully specified if the physical interpretation 
of this force is to have a definite meaning. 

Let us consider the force per unit positive pole on a small positive 
pole, idm, at the point P, Fig. fiO-1 (a), the centre of a cylindrical 
cavity, whose diameter is small compared with its length, and 
whose axis is in the direction of the magnetization at P. Then 
induced magnetism will appear on the ends of this cavity. If I 
is the intensity of magnetization, and a the cross-section of the 
cavity, the charges of magnetism at the ends of the cavity will 
be la and — la, respectively, if 21 is the length of the cylinder, 
the force on the small pole at P, due to the magnetism on the 


walls of the cavity, is 



Am. This is zero, since the cavity 


is very long compared with its width. The force per unit 


m 
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positive pole at P is therefore due to the magnetizing field. Call 
it'H.' , , ' ' 

Now consider the force on /Im when this is at P the centre of 
a cavity whose length is small compared with its diameter — ^fche 
cavity resembles a disc — ^Fig. 50*1 (6). Again let the axis of the 


(«) W 

‘ Fig. 50-1. 

cylinder be parallel to the field. Let ^ be the area of each plane 
face of the disc. It is only on these faces that induced magnetism 
will appear. Now the contribution to the force per unit positive 
pole on Am due to these induced charges of magnetism is ^ttI, a 
result obtained from analogy with the corresponding problem in 
electrostatics [of. p. 639]. 

The actual force per unit positive pole on the small pole in the 
cavity is obtained by adding together the two quantities H and 
A/rl. This total force per unit positive pole on the small pole is 
a measure of the magnetic induction, B, of the material. Hence 

B == H + 4^1. 

Magnetic Susceptibility and Magnetic Permeability.— The 
quantity defined b^ the equation I = ;^H, is termed the 
susceptibility of the material of the specimen. 

The permeability , [i, of the medium is defined by the equation 
B = iJS., Since B = H + 457:1, it follows that 

^ = 1 

The Magnetic Permeability of Iron and Steel— Experi- 
mental Determination by a Magnetometer Method. — ^Let an 
iron rod of uniform cross-section be placed so that its axis is parallel 
to the lines of force of a magnetic field. The iron is magnetized 
by induction. Suppose that m is the strength of the induced 
poles, and 2Z the distance between them. The magnetic moment 
of the rod is 2ml, Hence, I, the intensity of magnetization in the 
rod is given by 

I — m 

D ~~ a* 

where v is the volume of the rod and a its cross-sectional area. 
Since the intensity of magnetization is not uniform throughout the 
rod, the above value for I must be regarded as that value which 
the intensity of magnetization would have if, while the product 
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%ml r 6 i 3 a 3 *iiis constant, the poles are considered to be at the ends 
of the rod. In other words this method measures m, and we say 
that m is la. 

In the relation B = fM, H is the intensity of the field causing 
the iron to become magnetized. Hitherto we have assumed that 
this has the same value as the field which would be present if the 
iron were removed. In general, this is not true, for the induced 
magnetic poles in the specimen react on the original field and 
produce what is termed a demagnetizing field. The effect of this 
field is negligible if the length of the specimen is 600 times greater 
than its diameter : hence very long thin wires must be used. 

The experimental method then consists in subjecting such a 
wire to a uniform magnetizing field And determining the pole 



strmgth of the magnet produced. The uniform field is produced 
by passing a current through a long solenoid surrounding the wire, 
and in order that the wire may lie entirely within a uniform field, the 
length of the solenoid must be such that its ends project considerably 
beyond those of the specimen when the centres of this and of the 
solenoid coincide. The strength of an induced pole is measured 
by noting the deflexion of a magnetometer needle placed in a com 
venient position : a correction will be necessary for the effect of 
the more distant pole. 

The specimen in the form of a rod about 40 cm. long and 1 mm, 
in diameter is placed centrally in a long solenoid SS, Mg. 50*2, 
so that when a current is passed through the coil the iron is in 
a uniform magnetic field. The axis of the solenoid must point 
east and west— then the horizontal component of the earth’s 
magnetic field has no effect on the iron. The current through the 
solenoid is supplied from a battery of three or more cells, and its 
magnitude is controlled by means of a continuously adjustable 
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carbon resistance R. An ammeter A measures the current and 
the direction of the current through SS may be changed with the 
aid of the reversing key K. The magnetometer M serves to 
measure the pole strength of the iron when this is magnetized. 
The effect on the magnetometer of the field due to the solenoid 
itself may be compensated by means of a small coil C. This is 
placed in series with SS and its position adjusted so that the 
magnetometer deflexion is always zero when there is no iron in SS. 
This adjustment should be made with a large current in SS. To 
determine whether or not it is possible to obtain this adjustment 
when the apparatus has been set up, the coils S and C should be 
short-circuited in turn. Correct connections have been made if the 
deflexions given by M are opposite in the two instances. Initially 
the iron must be demagnetized by raising its temperature to that 
of a bright red heat or by subjecting it to an alternating magnetic 
field which is gradually reduced in strength to zero [cf. p. 656], 
If the iron has been* properly demagnetized the hysteresis curve 
finally obtained [cf. p. 867] will be symmetrical. 

To commence the experiment a small current is passed through 
SS and corresponding readings of the current and the magnetometer 
deflexion observed. The current is increased step by step by 
adjusting R and the above observations made at each stage. Thk 
process is continued until the current reaches its maximum value. 
The perndeability of the iron may be calculated as follows : — ^If I is 
the intensity of magnetization in the rod, a its cross-sectional area, 
and 21 its length, the magnetic moment of the rod is 2Ha, since the 
intensity of magnetization is the magnetic moment per unit volume. 
If T is the distance from the centre of the rod to the magnetometer 
needle, F, the intensity of the magnetic field at M, is given by 
„ 2{2lla)r _ 4Ioc?r 

^ - (r2 _ ^2)2 

If 6 is the angle of deflexion of the needle, and the horizontal 

F 

component of the earth’s magnetic field, tan ® = g“- Hence 

4:(dr 

The strength of the magnetizing field due to a current A amperes 
in the solenoid is H “ where is the number of turns 

per unit length of the solenoid. Hence 

B I 6 Hi tan e . (f * - 
'^2 wAadr 
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The main advantage of this apparatus is that the specimen is 
not affected by the components H and V of the earth’s magnetic 
field since its axis is normal to each of them. Unfortunately, 
however, the distance of either pole from the centre of the magneto- 
meter cannot be determined easily for their exact location is un- 
known. This difiSculty is avoided by placing the specimen in a 
vertical solenoid, but this necessitates that V shoiild be com- 
pensated for otherwise the specimen is not completely demagnetized 
initially. 

When corresponding values of B and H are plotted as in Kg. 50*3 
the curve, OACD, obtained is termed a curve of magnetic in- 
duction* The dotted curve shows how the permeability varies 
with the field. We are not justified in drawing this curve in the 



Fia. 60*3.-— Curves of Magnetic Induction (B — H) and of Magnetization 

(I-H). 

id) At Uelativdly low Values of H. (6) In a Strong Field. 

neighbourhood of the origin since it is in this region that the 
experimental errors are large. 

A curve similar to the above is obtained by plotting I against 
H. This is known as the curve of magnetization [etOacdy Kg, 
50*3 (a)]. There is one very important difference between the two 
curves, however. When the magnetizing field H becomes large, 
the curve I-H tends to become parallel to the H-axis— see Kg. 
50*3 (6), and when these conditions have been attained the iron 
is said to be saturated* The upper portion of the B~H curve 
never becomes parallel to the H-axis, for B is a function of H, 
viz., B H + 4jrl, and even if I were absolutely constant, B 
would still increase with H. It must be remembered, however, 
that B and H are plotted on very different scales, so that from 
the diagram it would appear as if B tended to reached a saturation 
value. . , 

Hysteresis. — ^A more complete investigation of the behaviour 
of iron under the influence of a magnetic field may be obtained as 
follows : — When the ciment has reached its maximum value in 
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the previous experiment the current is gradually reduced to zero 
and the value of the current and the corresponding deflexion of 
the magnetometer recorded at convenient intervals. It will be 
observed that even when the current is zero the magnetometer 
needle is still deflected, a fact showing that there is a certain amount 
of magnetism left in the rod. This is termed the remanent mag- 
netism ov temanence. 

If the current through the solenoid is then reversed, increased 
from zero to its maximum value and then reduced to zero, reversed 
again and increased to a maximum, the specimen will have been 
taken through a complete cycle of magnetic changes. Fig. 50*4 
shows how the magnetic induction varies with the magnetizing field 
for samples of iron and steel. Such curves are known as hysteresis 



Fia. 50*4. — Hysteresis Curves for Iron and Steel. 


curves^ and the intercept 00 on the B-axis measures the remanent 
magnetism in the specimen, while the intercept OD on the negative 
H-axis measures that magnetic force which is necessary to reduce 
the remanent magnetism to zero. The magnitude of this force is 
a measure of the retentivity of the specimen, i.e. the degree of 
stability with which the remanent magnetism is held. This force 
is termed the coercive force* The curves in Fig. 50*4 indicate 
that soft iron possesses more remtoent magnetism than does steel 
when both materials have bben magnetized to saturation but that 
steel has greater retentivity. 

If a piece of iron is subjected to a series of hysteresis cycles, in 
which an initially large currant is gradually reduced to zero, each 
hysteresis curve gradually shrinks until finally the specimen is 
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free from magnetism. THs is most easily carried out with the 
aid of an aiternatmg current — ci p. 656. 

Energy must he expended in order to magnefeo a given specimen 
of iron or steel, but all the energy is not recoverable. When a 
magnetic material is taken through a complete cycle of magnetiz- 
ation, more energy is spent upon it than is returned to the source 
of energy (the battery). The difference appears as heat in the 
specimen. It may be shown that 

1 

— (area of a hysteresis curve) 

represents the energy lost per cycle per unit volume of the material. 
The corresponding rise in temperature may only be 0*001® G., but 
if the specimen is subjected to an alternating fi^ld of, say, 50 cycles 
sec.*"^, the rise will be 0*05® C. sec.““^, or 3®C. 

Temperature and Magnetization. — ^When a steel magnet is 
warmed its pole strength and therefore its magnetic moment 
decreases. Its original strength is re- 
gained in part m the temperature re- 
sumes its initial value. Iron and steel 
are not attracted by another magnet 
when they are raised to a temperature 
above red heat. To show this an iron 
wire is made into a short coil and 
suspended near to on© pole of a mag- 
net. It is attracted by the magnet and 
finally rests in contact with it. A cur- 
rent is then passed through the iron 
wire so that it glows — ^it falls away 
from the magnet. 

With pure iron it is found that at 
temperatures above 900® C. it ceases to 
be ferromagnetic but that it can be re- 
magnetized when its temperature has 
fallen below tliis value. This tempera- 
ture is termed the recalescence point for 
iron, for when a piece of iron is allowed 
to cool after being heated to a tempera- 
ture greater than this then the wire 
glows suddenly as it passes through this 
temperature, i.e. heat is evolved in the 
specimen. Other abrupt changes occui* 
in other properties of iron at this tempera- 
ture, e.g. its resistivity changes suddenly. Hence an iron wire could 
not be used as a resistance thermometer at high temperatures. 



B’lo. 50*5.— Experiment 
on Recalescence. 
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Recent researcb has shown that at the recalescenoe temperatnre 
there is a sudden change in the arrangement of the atoms in the 
iron crystals. At temperatures below this point iron exists as 
a-iron,the atoms being arranged at the corners of cubes with other 
atoms at theii* centres, i.e, the atoms are arranged on a body* 
centred cubic lattice. At temperatures above the reoalescence 
point iron exists as y-iron and the atoms are arranged on a 
face-centred cubic lattice, i.e. atoms appear at the corners of the 
cubes and also at the centres of the faces of the cubes. 

This rearrangement of the atoms is accompanied by a change 
in the length of the specimen which may be demonstrated as fol- 
lows : — AB, Fig. 60-6, is an iron wire surrounded by a glass tube 
to protect it from air currents. It is supported from an insul- 
ated clamp and its lower end is attached to a^pointer moving 
about a pivot C. A uiass of lead, D, serves to keep the wire 
stretched. When a current is sent t^ the wire it is heated 
and its expansion is indicated by the downward motion of the 
pointer. When the recalescenoe temperature is reached there is 
a sudden contraction in length and the pointer moves upwards. 
As the temperature is increased beyond this point the length again 
increases. Opposite effects are noticed when the wire is allowed to 
cool. In addition to these opposite effects, when the recalescenoe 
point is attained — ^as revealed by the jerk in the motion of the 
pointer — the wire glows brightly for a few seconds. This is due 
to the large amount of heat liberated when the iron changes from 
y-iron to a-iron. ’ 

ThEOBIES OF MAGOTTIZATIOIsr 

Ferromagnetics, Paramagnetics and Diamagnetics. — ^Let 
us briefly recapitulate the main facts which are known concerning 
magnetism. Faraday discovered that many substances, and con- 
cluded that all, could be divided into two classes in so far as their 
behaviour in a magnetic field was concerned. He found that 
members of the first class, the so-called paramagnetics, when in 
the form of cylindrical specimens, arranged themselves with their 
axes parallel to the magnetic field in wMoh they were freely sus- 
pended. On the other hand, members of the second class — ^the 
diamagnetics — ^in similar form, set with their axes normal to the 
field. Amongst the paramagnetics, iron, cobalt, nickel, and certain 
of their afioys, were capable of becoming very strongly magnetized. 
Diamagnetism and paramagnetism are the general phenomena of 
magnetism, whereas ferromagnetism is a special case of para- 
magnetism. In passing mention must be made of a series of 
alloys — ^the so-called Heusler alloys— which do not contain any 
iron at all, and yet exhibit marked ferromagnetic properties. One 
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of these alloys contains 16 per cent. Al, 24 per cent* Mn, and 60 
per cent* Gu. 

Any satisfactory theory of magnetization must explain the 
following : — (i) The peculiar collection of properties known as 
ferromagnetism occurring in a few elements and their alloys. 

(ii) The curTe of magnetization, i.e. the curre exhibiting the 
relation between I, the intensity of magnetization, and H, the 
magnetic field. It must also account for the hysteresis loop. In 
the case of paramagnetics there is a linear relationship between 
H and I : for ferromagnetics, the relation is linear for low fields 
■—this corresponds to the portion Oa of Fig. 50*3 (a) ; then there 
is a sharp rise, oc, and finally the approach to magnetic saturation 
—represented by the portion cd of the curve. 

(iii} The “residual magnetism’’ or permanent magnetism of 
ferromagnetics must also be explained. Paramagnetics do not 
show this phenomena. Modem work, at very low temperatures 
and with very strong magnetic fields, now indicates that under 
these conditions there is an approach by paramagnetics to satura- 
tion, i,6, the I-H curve is not linear. With ferromagnetics the 
condition of saturation is easily approached with relatively low 
magnetic fields, at ordinary temperatures. No paramagnetic sub- 
stance showing residual magnetism or hysteresis is known. 

(iv) The properties of a given specimen of iron depend on its 
past magnetic history. 

(v) Magneto-striotion, i.e. the change in the linear dimensions 
of a body occurring when it is magnetized. 

(vi) in ferromagnetics, there is a temperature above which the 
residual magnetism disappears and the substance behaves like a 
paramagnetic body. This temperature is known as the Curie point. 

(vii) The susceptibility, x = I/H, of a paramagnetic substance 
is inversely proportional to its absolute temperature, i.e. 

1 ■ 

For ferromagnetics above the Curie point, i.e. when they behave 
like paramagnetic bodies, the susceptibility is inversely proportional 
to T — 0, where 6 is the Curie point, i.e. 

Shelford Bidwell’s Pendulum — ** A Magnetic Engine/’— 
This Is an interesting experiment, due to BiDWELn, based on the 
fact that nickel, a femomagnetic material, loses its magnetism 
when the temperature is above the critical temperature 

for nickel. A nickel “ tongue,” 2 cm. X 1 cm., is soldered to a 
copper disc 3 cm. in diameter, the thickness of the materials being 
about 2 mm. This forms the “bob” of a simple pendulum of 


]\£AGNETIC PEOPER^^^ OF IRON AND STEEL 861 

length 2 metres. If necessary, a lead weight may be attached to 
the system to keep the suspension stretched. NS is a straight 
electromagnet arranged in line with the nickel. The pendtdnm 
is set in motion, and the 
nickel would remain at- 
tached to the magnet were 

it not for the presence of ^ 

the bnnsen burner placed i .S 

as indicated in Fig. 50-6. | 

This heats the nickel, which 
loses its magnetism, and 

falls away from the mag- I 

net. The heat is conducted yV 

away from the nickel by 
the copper which is black- , 

ened so that this heat is I 

(juickly dissipated as radi- X . h 

ant energy. By the time T * U \ / Copper Disc 

that the pendulum returns 

the nickel is below its criti- L 



Copper Disc 
(b/sckened) 


the nickel is below its criti- L Weight 

cal temperature, it becomes Fio. 50*6.— Shelford Bidwell’s Pendulum, 
magnetized as it approaches 

the magnet NS, and the process is repeated. [A long pendulum 
is selected so that the period shall be large.] 

The Molecular Theory of Ferromagnetization, — ^In this 
theory, due to Webee, Maxwell, and Ewing, no postulate is 
made as to whether the elementary magnets considered are in- 
dividual molecules or molecular aggregates. The demagnetization 
of a substance by heat or by rough mechanical treatment is explained 
by assuming that the elementary magnets are ‘‘ jostled ’’ and re- 
arrange themselves with their axes orientated at random in space. 
Ewing has adopted his theory to make it fit experimental results 
quantitatively as well as qualitatively. 

To account for the magnetic properties of iron and kindred 
materials it is assumed that the molecules of these substances are 
all small elementary magnets each having its own north-seeking and 
south-seeking poles. In an unmagnetized piece of iron, for example, 
these elementary magnets form closed chains for the elemen- 
tary magnets that are near together must be arranged so that one 
pole of a molecular magnet is near to another of the opposite kind 
in % second molecular, magnet. When aU the molecular magnets 
form such closed chains the iron, as a whole, will exhibit no magnetic 
properties. When the iron is subjected to a magnetizing field each 
molecular magnet will experience a couple tending to rotate it so 
that its axis is in the direction of the field. These couples will be 
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balanced by tbe oonples between tbe magnets which become operative 
when the molecular magnets are displaced from their zem positions. 

To account for the main features of the magnetization curve Oacd 
shown in Fig. 50*3 (a) let us consider a group of four molecular mag- 
nets. InitiaHy they will be arranged somewhat as in Fig. 50-7 (o^). 
When a weak field is applied these magnets assume positions as in 
(6), and until the field is increased beyond the stage represented by 








■\> 


(d) 

(«•>'* 

m 

Fia. 50^7.- 

(C) 

-Molecular Magnets. 


a, Fig. 50-3, the rotations of the magnets will be proportional to the 
field, i.e. the shape of the portion Oa of the curve is explained. As 
the field is still further increased a stage, is soon reached in which 
the equilibrium of the magnets becomes unstable and they tend 
to arrange themselves with their axes in the direction of the field. 
This accounts for the sharp rise ac in the curve. On increasing 
the field beyond this only small changes are produced in the align- 
ment of the molecules and the specimen reaches the stage of 
saturation — cd. 

The above theory contains no suggestion as to the reason why 
the molecules are magnetic. Modern theory attributes the magnetic 
properties of all substances to the motions of the electrons in. or 
among their constituent atoms. The magnetic effects caused by the 
motions of the positively charged nuclei are probably very small. 

Theories of Paramagnetization and Diamagnetization.—The 
fact that the susceptibility of a paramagnetic substance is inversely 
proportional to its absolute temperature, whereas that of a diamagnetic 
substance is independent of the temperature, makes it clear that the 
phenomena must have different causes. Experimental results lead to 
the following conclusions. 

Diamagnetism is a fundamental property of all substances, whereas 
paramagnetism is a possible feature, and when it occm’s its effects are 
superposed on those attributable to the diamagnetism in the substance. 
Pai*amagnetic effects are very much larger than diamagnetic ones, so 
that the latter are masked considerably . Suppose that a body is strongly 
diamagnetic and that its paramagnetic properties are weak : the body 
will appear to be diamagnetic. When the temperature is raised, the 
paramagnetism disappears and only diamagnetism is left. Actually 
the amount of diamagnetism is unchanged but it will appear to have 
increased. This is the generally accepted explanation of the fact*that 
the susceptibility of some diamagnetic bodies does appear to vary 
with temperature. 

The variation of the susceptibility, among the elements shows a 
periodicity a^eeing with that of the Periodic Table. This suggests 
that magnetism is an atomic phenomenon. 
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Suggested Theory of Paramagnetization.— Suppose the elec- 
trons move round the nucleus of an atom in circular orbits. Then 
each electron is equivalent to a circular current which may be replaced 
by its equivalent magnetic shell of magnetic moment M. The direction 
of the axis of the equivalent shell is normal to the plane of the orbit. 
Now, for most atoms, the resultant magnetic moment of the equivalent 
magnetic shells is zero, or else very small. There are some atoms, 
however, such as sodium, in which the size of one orbit is very much 
larger than any of the others, i.e. there is an electron with a large 
orbit, and hence the magnetic moment of such an atom will not be 
zero. Such atoms will tend to align themselves with the axes of their 
resultant magnetic moments in the direction of the applied magnetic 
field ; the material as a whole will become magnetized. Such bodies 
are the paramagnetics. 

Now suppose that we have a large number of such atoms the direc- 
tion of the magnetic moment of each being parallel to that of the 
applied magnetic field. As the temperature is raised, the atoms will 
acquire considerably more kinetic energy and the above alignment 
will tend to be destroyed. This accounts, in a qualitative way, for 
the decrease of the susceptibility of a paramagnetic substance with 
rise in temperature. It also shows that any agent tending to alter 
the orientation of the atoms will have a marked effect on the magnetic 
state of the substance, e.g. mechanical shocks. 

Suggested Theory of Diamagnetization. — ^The electron theory, 
and also experiment, shows that a conductor carrying a cmrent in a 
magnetic field is acted upon by a mechanical force — ^if the magnetic field 
is normal to the conductor, the direction of the mechanical force is 
normal to them both, its sense being given by the left-hand rule. 

Now an orbital electron of an atom may be regarded as an electric 
current — ^in an atom with many extra-nuclear electrons there are many 
such orbits. It may be shown that the effect of a magnetic field on 
such a system is as if all the charges, as well as moving in their orbits, 
also rotated about the direction of the field. The electron would then 
describe a “ rosette.” Such a superimposed rotation of electric charges 
will give rise to a magnetic moment in a direction normal to the plane 
of the superposed rotation, i.e. normal to H. The sign of the effect 
is such that the field inducing it is opposed (general phenomenon in 
electromagnetism). The axis of the induced magnetic moment will 
therefore be opposed to the direction of the magnetic field, and the 
substance will therefore appear diamagnetic. Such phenomena will 
be common to all substances, if we asstune that all atoms contain 
electrons. Paramagnetism is only shown by atoms having a par- 
ticular type of electron orbit present in them. 

The above is only a somewhat crude picture, but it appears to 
show that magnetism is a derived quantity due to electrons in motion, 
and the natural unit of magnetism would appear to be the magnetic 
moment of an orbital electron. Such a unit is termed the magneton* 

Ferromagnetism is of an entirely different order and its occurrence is 
rare^ It must be connected with some peculiar atomic constitution— 
probably an inter-atomic effect. 

.EXAMPLE L. ' 

Distinguish between the temis intensity of a magnetic field and 
intensity of magnetization. How would you investigate the relation 
between the magnetizing force and the intensity of magnetization for 
a soft iron wire ? What difference would you expect to obtain if a 
steel wire were used ? 


CHAPTER LI 

THE DISCHARGE OF ELECTRICITY THROUGH 
GASES; X-RAYS; RADIO-ACTIVITY 

The Spark Discharge.— When a potential difierence of 20,000 
volts is established between two terminals separated by about 
1 cm. in air a spark passes. The actual potential difference necessary 
for the spark to pass depends upon the pressure and nature 
gas the shape of the terminals, and their distance apart. The 
discharge is faciUtated if a sharp metal point is attached to one 
of the terminab. While the spark lasts there is a considerable 
increase in the electrical conductivity of the gas, and a large current 
may pass. 

The Discharge of Electricity in Gases at Low Pressures. 

If a P D of a few thousand volts is placed across two electrodes 
sealed into a glass tube about 1 metre long and 6 cm. in diameter, 
no visible effect is seen and a sensitive galvanometer placed m the 
circuit fails to detect any current. A side tube leading from the 
above tube to a pump enables the pressure in the apparatus to be 
lowered and when this reaches a pressure equal to that of several 
cm. of mercury a long thin zigzag spark passes between the 
electrodes. When the pressure is reduced to about 1 cm. of mercury 
this spark widens and the tube is nearly filled with a bright colui^ 
of light extending from the anode, the colour depending on the 
nature of the gas in the tube. It is known as the positive column^ 
When the pressure is about one half-millimetre of mercury ^the 
appearance of the discharge undergoes an entire change. The 
cathode is covered with a soft pale light known as the cathode 
glow. Just beyond it is a region where colour is practically absent ; 
it is termed the Crookes’ dark space, G, Fig. 51-1.^ Beyond this 
appears a luminous column known as the negative glow. Its 
position is not influenced by that of the anode so that if this lies 
in a side tube the negative column is not directed towards it but 
goes straight on. A second dark space, F, generaUy appears beyond 
this column; it is called the Faraday dark space. It separates 
the negative column from the positive one which has now receded 
from the cathode and exhibits many striations. If the cathode 
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and anode have small holes at their centres Imninons effects will 
now be seen in the regions beyond them. These will be discnssed 
later. 

When the conditions are such that the effects just described are 
seen, the P.B, necessary to send a current through the tube is a 






Positive column ^ 



-- 




:: :: r 
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To pump 

“Discharge of Electricity through Rarefied Gases. 


minimum. When the pressure is about 1 x 10"^ mm. of mercury 
the positive column disappears and a patch of green fluorescent light 
is observed on the glass wall oppdsite the cathode. It has been 
shown that this effect is due to something emitted from the cathode 
and travelling in straight lines along the tube. This latter fact 
may be demonstrated by placing a metal cross pamllel to the 
cathode, when a sharply defined shadow is seen on the walls— 



Fig. 51-2. — ^Mica Cross. 

see Eig. 51*2. If a magnet is placed near to the discharge tube the 
position of the shadow changes, showing that the path of this 
something in the tube has become curved. If an insulated metal 
plate is placed in the path of this something the plate acc^uires a 
negative charge. From these experiments one concludes that 
negatively charged particles travelling from the cathode must be 
responsible for these phenomena. They are electrons moving with 
a considerable velocity down the tube and are termed cuthode rays m 
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... .Cathode Rays.— The chief characteristics of these, rays are as 
foUowS':— ■' 

(a) They travel in straight lines. 

{b ) When they strike soda glass they cause it to glow with a vivid 
green flnorescent light. 

(c) When they are allowed to fail npon certain fluorescent 
materials many brilliant hues are produced. 

id) They can pass through thin sheets of aiuminiuin foil without 
causing them to be punctured. Lekakd first showed that this was 
possible and found that the rays were able to travel a few centi- 
metres in air. The air glowed with a reddish violet light. The 
distance travelled by the rays in air could be determined with the 
aid of a fluorescent screen. When the screen was moved away 
from the aluminium window in the tube a point was reached when 
the screen failed to fluoresce. It was assumed that the cathode 
rays had then been brought to rest owing to frequent encounters 
with the air molecules in their path. 

(e) The rays exert a mechanical force, for if a small paddle with 
mica vanes is placed in the path of the rays and mounted on glass 
rails the paddle moves away from tie cathode. 

(/) When the rays strike an object the temperature of the latter 
may rise considerably. 

(g) They are deflected both by a magnetic and by an electrostatic 
field. 

^ The Nature of Cathode Rays.— The fact that cathode rays 
were deflected by magnetic and electrostatic fields finally enabled 
the nature of these new rayB to be established. For a long time one 
school of thought had maintained that they were a kind of invisible 
light travelling in waves through space, whereas another main- 
tained that they were streams of negatively charged, particles 
shot off from the cathode with considerable velocity. The pioneer 
work on this subject was carried out by Sin J. J. Thomson who 
showed that they were negatively charged particles— or electrons* 
Their mass was about that of an atom of hydrogen and 

their velocity, depending, among other things, on the applied P.D. 
between the electrodes, ranged from one-thirtieth to one-third that 
of light, i.e. from 10® to 10^® cm. sec.“^. 

Fig. 51*3 is a diagram of an apparatus used by Sm J. J. Thomson, 

to measure the velocity, v, and — , the ratio of the charge to the 

M ® 

mass of an electron. This ratio is sometimes termed the 
charge of the electron. C is the cathode and A the anode, 
with a slit 1 mm. wide in it. Some of the cathode rays shot 
ofif from C when a suitable P.D. is applied to the tube which 
is filled with air at an appropriate pressure pass through A. 
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Tbe end S of the tube is covered with zino sulphide which 
jauoresoes at the point where the cathode rays strike it. 
Arranged on either side of the apparatus is a solenoid through 
which a current is passed. When these solenoids are excited the 
position of the bright spot on S changes. From the defiexion of 
this spot when the current through the solenoid is reversed, the 
wiv 

ratio — is determinable when the strength of the magnetic held is 

known. H and K are two parallel plates in the tube and a known 
potential diherence is applied to them. This electrostatic field also 
causes the spot of light to be displaced. It will be seen that the 


- 

Fiq. 51*3.— Apparatus for Determioing e/w. 

electric and magnetic fields are at right angles to one another 
"Whichever type of field is applied the deflexion is then in the 
same straight line. The directions and magnitudes of the fields 
are then selected so that the spot of light remains in its zero 
position when the fields are simultaneously applied. The velocity 
of the rays may then be determined. By combining these results, 
tjm may be calculated. 

The dotted circle, M, with its anticlockwise current is merely 
a conventional way of showing that the north pole of the deflect- 
ing magnet is above the plane of the paper. 

Millikan^s Method for the Determination of the Charge on 
an Electron. — ^The experimental arrangement used by MiixiirAN 

for the purpose of deter- 

mining the charge on an 
electron is shown diagram- 

matically in Fig. 614. A From'"''""T ' 

cloud of very small oil 
droplets was produced in 

the chamber A containing p 

very pure air. The drops Qm ^ ^ 

were produced by means of ^ mm - ■- „ii;,i,i„i, v r 

a spray or nebulizer. Th^e FIG. 5^4,-~Mi31ikan’s Apparatus 
drops acquired a negative mming the Charge on an Electron, 
charge through friction and 

fell slowly downwards. A few of the drops found their way throiagh 
a small opening in the base of the chamber. This base constituted 


Fig. 51 •4.— Millikan’s Apparatus for Deter- 
mming the Charge on an Electron. 
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the tipper plate of a parallel plate condenser BC. These plates were 
horiisontal, so that when they were chained the electric field at 
the centre was directed along the line of action of gravity. The 
above plates were insulated from one another by quartz rods Qj 
and Qa accurately ground so that the vertical distance between 
the plates was constant and the field at the centre of the condenser 
therefore uniform. A telescope enabled individual drops — such as 
D — ^to be observed when they were suitably illuminated by an arc 
lamp. This lamp was at a considerable distance from the appar- 
atus so that the air between the plates of the condenser should 
not be heated, and any heating effect was further reduced by 
placing a water cell between the lamp and the experimental chamber. 
Moreover, to diminish the effect of convection currents in EC these 
were made negligibly small by placing the apparatus in a thermostat. 
The telescope was provided with horizontal cross-wires and the 
time of fall of a droplet past these wires could be measured. 
The electric field was then suitably directed, and its magnitude 
chosen so that that the drop rose slowly : the time of transit 
across the wires was noted. The field could then be made zero 
(it is necessary to use a specially designed switch so that both 
plates of the condenser are automatically earthed when they are 
disconnected from the charging battery) and the experiment re- 
peated. AU this was done with one and the same drop and the 
charge on the drop could then be determined. 

In the course of the experiment the charge on the drop altered 
accidentally, or it could be altered by exposing the air between 
tihe plates to an ionizing agent — X-rays for example. The charge 
on any particular drop was always found to be an integral multiple of 
a certain elementary charge, e, which is the charge carried by one 
electron. The atomic nature of electricity was thereby established. 
Millikan found that 

e s=: — 4*774 X C.6.S. electrostatic unit of charge 
= - 1*591 X 10-19 coulomb, 
where e is the charge on an electron. 

[In passing we note that since the charge on a gram-ion is 
96,495 coulombs, it follows that L, the number of atoms in a 
gram-atom, is given by ' 

L = 6*06 X 10^» 

This is termed Loschmidfs number 

Positive Rays.--If the cathode C, in Fig. 51*1, is drilled by a 
hole about 2 mm. in diameter rays will be seen in the region CD. 
These are termed mnal ot positive rays. They are deflected by 
electric and magnetic fields in directions contrary to those in 
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which electrons are defl|oted. The magnitudes of the deflexions 
are much smaller for canal rays than for electrons. It has been 
shown that, in their simplest form, these rays consist of atoms which 
have lost an electron, i.e. atoms with a positive charge. By observ- 
ing these deflexions Sir J. J. Thomson was able to calculate the 
masses of the atoms in the discharge tube. About 1919 Astoh 
improved this method of investigating the nature of a sub- 
stance and showed that the values of the atomic weights of the 
elements as determined by chemical analysis were only average 
values. For example, chlorine with an atomic weight 35*46 as 
determined by chemical means, was found' to be a mixture of two 
diflerent chlorine atoms having atomic weights 35 and 37 respec- 
tively. Substances having diflerent atomic weights but chemically 
indistinguishable from one another are termed isotopes. 

Rontgen Rays or X-rays.— In 1895 RoOTOEir discovered that 
in addition to the green fluorescent light emitted from the point 
where glass was hit by cathode rays, this point was also the source 
of some invisible rays. These rays, unlike the cathode and positive 
rays, were not deflected by electric and magnetic fields. Moreover, 
he was unable to cause them to be diflracted or to produce inter- 
ference ©fleets. It was not until 1912 that Sra W. H. Bbago and 
his son showed that these rays did produce diflraction patterns 
when the structure of the diflraction grating was sufficiently fine. 
Crystals were the gratings they used. 

They proved that Rontgen rays were very 
short electromagnetic waves and there- 
fore only diflered from other light waves 
in the shortness of their wave-lengths. 

The Gas -filled X-ray Tube.— An 
X-ray bulb of the type generally in use 
until about 1916 is shown ip Fig. 51-5. 

The tube was exhausted until the pressure 
in it was about 3 X 10“^ mm. of mercury. 

G is the cathode, slightly convex, and A 
I is the anode or anticathode as it is now 
generally termed. B is a second anode 
i eomiected to the first. The exact part 

. played by this electrode is not known 

J and sometimes it is not fitted. When A 

I and C are connected to the terminals of 

i a large induction coil so that C is at a 

\ negative potential with respect to A [the 

discharge from an induction coil is prac- 
tically unidirectional] a beam of cathode rays converging upon 
the antieathode is produced. This becomes the seat of X-rays, 



Fig. 51-6.— Gas-filled 
X-Ray Bulb. 
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which a^e produced whenever the moti(^ of a swiftly moving 
electron is suddenly arrested. 

When such a tube has been in use for some time it may fail to 
act. This is because the gas in the tube, which is essential for its 
operation, has become used up, Le. the tube is “ hard/’ It is 
** softened by heating with a bunsen flame the palladium tube, 
D, which, when hot, allows hydrogen to pass through into the bulb. 

In 1913, CooLinoB revolutionized X-ray technique by the intro- 
duction of a bulb fitted with a hot cathode. Fig. 51*6 shows a 
modern form of such a bulb furnished with two arms and exhausted 
as completely as possible. The one arm carries the wires conveying 
the current necessary to heat a tungsten filament F. When this 
is heated to about 2,(K)0'^ C. a copious supply of electrons is emitted. 
A few centimetres away from the filament is the anticathode A, 
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inclined at 45® to the axis of the tube. The filament constitutes 
the cathode. It is surrounded by a hemispherical cap to focus 
the cathode rays on the target. When a large P.D. is applied to 
the tube the electrons are hurled with enormous velocity upon the 
anticathode where they are suddenly brought to rest and some 
of their energy emitted in the form of X-rays. A considerable 
amount of thermal energy is dissipated at the anticathode ; this 
heat is conducted along the thick copper rod, C, supporting the 
anticathode, to the radiating fans R. 

A transformer supplying a high alternating P.D. may be used 
with this latter tube which only allows the current to pass when 
A is positive with respect to F, i.e. the tube acts as its own rectifier. 

Hard and Soft X-rays. — ^The penetrating power of the X-rays 
from a gas-filled X-ray bulb is greatest when the amount of gas 
in it is very small. The highly penetrating radiations from such ' 
a tube are ofren termed ‘‘ hard ” X-rays ; the rays from a tube 
in which the degree of vacuum is not so high, and which requires 
a lower potential difference across it to work, are termed soft 
X-rays. In the tube with a hot cathode, the hardness of the rays 
depends upon the potential difference across the tube ; i.e. the 
higher the voltage the more penetrating is the radiation. 

An X-ray Installation .—An installation for the wo rking of 
an X-ray tube of the hot filament type, is shown in Fig. 51*7. 
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P is the primary of an induction coil, Tj and Tg being the terminals. 
These are connected to an A.C. source of supply, the current being 
controlled by a suitable resistance, or, more economically, by means 
of a choke. One lead from the secondary S is earthed and con- 
neoted through a milliameter, MA, to the anticathode end of the 
tube. The other lead from the secondary is connected to the 
cathode. The cathode is a tungsten wire filament heated by the 
battery B. The filament current is controlled by a resistance R, 
and its value indicated by the ammeter A. Two pieces of metal, 
in the form of triangles, are connected to Ti and Tg and adjusted 
so that their points are about 1 mm, apart. K any high frequency 
E.M.F.’s are induced in the primary a spark passes between these 
points owing to the high impedance of the primary circuit for 
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Fig. 61 * 7 .— x\n X-ray Installation. 


high-frequency currents. This prevents a possible breakdown in 
the primary circuit. With this arrangement no rectifying device 
is necessary since the tube acts as its own rectifier. 

To protect the operator from X-rays the tube should be enclosed 
in a wooden box covered with lead at least 3 mm. thick. An 
aperture in the side of the box enables a portion of the rays to be 
used for experimental purposes. 

Suppose that the filament ceases to emit electrons. The 
transformer is then supplying no current so that the potential 
difference across the tube rises. To prevent this from fracturing 
the tube^a spark gap G is placed in parallel with the tube. The 
distance between its extremities is such that a discharge takes 
place across it when the potential difference applied to the tube 
tends to increase beyond its working limits. 
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Some Properties ajid Applications of Roatgea Rays.— 
X-rays render a photograpMe plate sensitive to a developer. If, 
therefore, an object, such as a human hand, is held between a 
source of X-rays and a photographic plate, which is afterwards 
developed, a ra^ograph is obtained, i.e. there is produced an X-ray 
picture of the object. The X-rays are absorbed more by bone than 
by flesh, therefore the rays which traverse the bone are much reduced 
in intensity, so that their effects on the salts in the photographic 
plate are similarly diminished. If the subject which is under 
examination contains foreign metallic bodies, e.g. bullets, or coins 
and buttons which may have been swallowed, then the absorption 
of the X-rays is stiU more marked, so that the position of the 
metal can be located. In order to ascertain the depth at which 
such objects lie, two radiographs are taken at right angles to each 
other. If trouble is suspected along the alimentary canal, a large 
dose of bismuth is administered before a patient is examined. 
Bismuth compounds absorb Rontgen rays very easily, so that the 
alimentary canal, which contains the bismuth, stands in high 
relief against the rest of the picture. Nowadays, owing to the 
high cost of bismuth, barium sulphate is often used. 

Some Further Uses of X-rays.— Rontgen rays find much 
application in detecting the presence of flaws, such as cracks and 
blow-holes, in metallic bodies. Where such faults occur the rays 
are transmitted more easily than elsewhere, so that a photograph 
reveals the defect easily. During the last few years, RSntgen 
radiation has been used to discover the arrangement of the atoms 
in crystals. Under certain conditions X-rays are reflected from the 
layers of atoms in the crystal so that, by measuring the angle of 
d^exion, the distance between the atoms can be calculated. In 
this way it has been shown that sodium chloride consists of small 
cubes at the comers of which the atoms are placed. Diamond and 
graphite are both allotropic modifications of the same element, 
but X-rays have shown that their structures are different. In 
diamond the carbon atoms are packed very closely together— 
hence its hardness ; in graphite the atoms are so arranged that a 
certain plane of atoms is easily moved parallel to itself — whence 
the use of graphite as a lubricant. 

Radium and Radio-active Substances. — ^The discovery of 
radioactive substances arose out of an attempt to find out whether 
naturally occurring substances emitted any penetrating radiations 
similar to that which had been discovered by RSntgen in 1895. 
Now the Rdntgen or X-rays are characterized by the fact ifchat they 
are able to peneti^ate considerable thicknesses of matter, ionize a 
gas, i.e. render it conducting, and cause luminescence on a fluorescent 
screen, both before and after passing through matter, although 
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tiieir eMciency in this respect is then considerably reduced. It is 
not surprising, therefore, to find that the substances which were 
examined were those capable of glowing [i.e, phosphorescing] under 
the influence of light. Professor Henbi Becquerel placed a salt 
of uranium near to a photographic plate. After several houi*s a 
distinct mark was discerned on the developed plate — ^such a mark 
still persisted even when a thin silver screen was placed between 
the uranium and the plate, so that the darkening could not be due 
to any action between the silver salts in the film and any possible 
vapours emitted by the^ uranium. In addition, it was found that 
the radiation from uranium had properties similar to the above 
mentioned properties of X-rays. The Cubies suspected that the 
uranium they were using might contain a constituent far surpassing 
in activity that of the uranium itself. In 1898 Mme Curie isolated 
one of the salts of radium showing these remarkable properties to 
a very high degree, in fact its radiations were far more intense than 
those from the original mixture. It is now realized that radium 
is a by-product in the process of the emission of radiation from 
uranium. In 1903 Ruthereoru and SoBny advanced the view 
that these phenomena must be attributed to the spontaneous dis- 
integration of the atoms themselves ; in this process new elements 
were formed which had properties different from the primary sub- 
stances in which they had their origin. In the case of radium one 
of the products of the atomic explosion is the so-called alpha- 
particle— this consists of a helium atom which has lost two elec- 
trons and which is hurled forth with a velocity approaching that 
of light. These particles possess an enormous amount of energy, 
so that when they impinge upon a screen of zinc sulphide the 
arrival of each alpha-particle manifests itself as a momentary flash 
upon the screen. 

Soon after the discovery of these substances it was observed that 
the emitted radiations caused flesh to decay — ^it was hoped that 
such substances would be useful in checking and perhaps retarding 
some of the malignant growths to which mankind is subject. But 
whilst such experiments are still in progress and the results are 
promising, no definite conclusion has yet been reached. 

Alpha-, Beta-, and Gamma -rays .—In 1899 Rutherford 
showed that three distinct kinds of rays were emitted by radio- 
active substances. Fig. 51*8 shows schematically the action of a 
# strong magnetic field normal to the plane of the paper on a narrow 
pencil of rays emitted from a small quantity of radium placed at 
the bottom of a narrow hole drilled in a block of lead. [The direction 
of the field is indicated in the conventional manner shown at the 
side of the diagram.] The a-rays are deviated slightly to the left 
while the jS-rays suffer a much larger deviation to the right. The 
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y-rays are not influenced by the magnetic field* From the 
deviations thus produced we conclude that the a-rays carry 
positive charges whilst the j3-rays carry a negative charge. From 
similar experiments made to discover the action of an electric 

field on these ravs the ratio — for the a and fi rays has been deter- 

m 

mined. The a-rays are" now known to be swiftly moving helium 
atoms which have lost two electrons, i.e. they 
are positively charged. These rays are able 
j ^ to pass through thin sheets of metal or glass, 
but they are completely absorbed by an 
aluminium plate 5 mm. thick. The /6?-rays 
are nothing else than electrons moving with 
enormous velocities, i.e. they are cathode rays 
moving with velocities much greater than 
those of the cathode rays we have previously 
studied. They are able to pass through the 
Magnetic Field. above aiumimum plate. The y-rays are now 
known to be very penetrating X-rays, i.e. 
their wave-lengths are about 100 times less than those from an 
X-ray bulb. These rays have remarkable penetrating powers and 
the intensity of the most penetrating y-rays is only reduced to one- 
half by sheets of lead 1*4 cm. thick. 

In the section of this book dealing with optics a short discussion 
of the Newtonian corpuscular theory and of Huyghens’ wave theory 
of light was given. The former asserted that light consisted of a 
swann of rapidly moving material particles, whereas Huyghens 
maintained that in optics we had to deal with the propagation of 
a state of motion. Now X-rays are a form of radiation having 
definite wavedengths, whereas cathode rays are material particles 
moving with high velocities. In the instance of radioactive sub- 
stances both types of radiation are found, i.e. some is corpuscular 
while the other is a form of light with a very short wave-iength^ — 
far shorter than that of the rays emanating from an X-ray tube : 
even so, these radiations are grouped together under a common 
heading, for they transmit energy with great velocity through space. 

A remarkable fact about radium is the enormous amount of 
energy which it emits as radiation. In the early days of radio- 
active discovery much speculation arose concerning radium as a 
possible perpetual source of energy, but the emission of radiation 
from a radioactive body is accompanied by a diminution in its 
mass, so that the ideal of the old alchemist remains as great an 
enigma as ever. A natural consequence of this large emission of 
energy from a radioactive material is that if a radium salt, con- 
tained in a tube, is placed in water; the temperature of the water 



RADIO-ACTIVE SUBSTA5K)ES 875 

rises. Callbkdab sttoceeded in measuring tlie small heating ejffect 
due to 0*001 gm. of radium (in the form of radium chloride) by 
means of an apparatus which he designed. The heating effect of 
the radioactive substance under examination is neutralized by the 
absorption of energy which occurs when an eleotric current is 
passed across the junction of two metals — ^the direction of the 
current must be such that energy is absorbed. The radioactive 
substance and the thermojunction were enclosed in a copper 
cylinder, and the electric current adjusted until there was no 
difference of temperature between the cylinder and an outer copper 
sphere. It was found that 1 gm. of radium emits energy at a 
rate of 130 cal. hr."^^. This it continues to do for centuries. 

The Nature of a-rays.— The direction of the deffexion of a- 
rays in a magnetic field shows that they are positively charged 

particles. The value of ^ for these rays and their velocity may 

be obtained by compensating the deflexion of the rays in a mag- 
netic field by an electric field arranged at right angles to the magnetic 
field and measuring the deflexion in either field alone as described 
on p. 866. For our present purpose it is convenient to take as 
our unit of electric charge that of a mono- valent positive ion, viz. 
4*77 X 10“”^® e.s.u., and as the unit mass that of a h^rdrogen atom, 

viz. 1*66 X 10“2* gm. In terms of these units — for cc-rays is 

Hence an a-ray is either a particle having a single elementary 
charge and an atomic weight 2, or else one with a charge 2 and a 
mass 4. Other possibilities naturally suggest themselves. Let us 
see how the problem was solved. 

In an earlier section it has been mentioned that a-rays produce 
luminescence whenever they strike a fluorescent screen. If this ^ 
screen is examined with the aid of a low-power microscope, it is 
found that the arrival of every a-particle is accompanied by a 
momentary flash of light , a fact indicating that these rays are dis- 
crete particles. These flashes of light are termed scintiUutions^ 
and by counting the number of these occurring in a measured 
time interval it is possible to determine the number of particles 
sent out from a speck of radium at the apex of a cone whose base 
is the screen on which the a-rays impinge. It is only the a-particles 
lying within this cone that are counted. The total number emitted 
per gramme of radium per second in all directions is easily deduced. 

If we are able to measure the total charge associated with the same 
number of particles, the charge on each particle follows at once. 
To measure the total charge on a known number of particles a 
minute source of the a-rays is placed in a vacuum and a charge 
collected in a given time by a metal plate, situated in the same 
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vessel as the radioactive material, determined with the aid of an 
electrometer. Since an electrometer measures changes in potential 
it is necessary to know the capacity of the instrument and its 
connections if the rate at which its charge changes is to be deduced 
ifrom the rate at which the potential difference of the quadrants 
varies. The number of rays striking the plate is derived from the 
geometry of the system, etc. The charge on each particle was 
found to he 9-548 x e.s.u. or 2c, where e is the charge 

carried by a hydrogen ion in electrolysis, and — e the charge on 

an electron. Since ~ is equal to i, it follows that the mass of the 
m ^ 

<x-particle must he 4, i.e. four times the mass of a hydrogen atom. 
It therefore seems that alpha particles might be ionized atoms of 
helium. To test this possibility, Rutherford allowed the alpha 



particles to penetrate through the walls of a very thin glass chamber 
into a discharge tube where the gas pressure was so low that no 
discharge could be passed through. At first no change occurred, 
i.e. no discharge of electricity took place when the electrodes were 
connected to the terminals of an induction coil. After a few hours 
sufficient a-particles had penetrated into the tube for a discharge 
to occur and the helium lines appeared when this was examined 
spectroscopically. The intensity of the lines in this spectrum in- 
creased as more a-particles penetrated into the discharge tube. The 
alpha particle is therefore an atom of helium which has lost two 
electrons, and therefore carries a charge 2e, According to modem 
atomic theory an alpha particle is the nucleus of a helium atom, i.e. 
it is that part of a helium atom remaining when the latter has been 
deprived of its two outer electrons. 

Alpha particles are characterized by the fact that after they 
have proceeded a certain distance in air they are no longer able 
to ionize the air. This phenomenon was discovered by Sir W. H. 
Bragg in 1904. His apparatus is shown diagrammatieally in 
Pig. 51-9 (a). A layer of radioactive material is placed at 0, a 
point on the bottom of a lead-lined box and some of the alpha 
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particles emerge jfrom a hole A in the lid of the box. B and C 
are the plates of a condenser, B consisting of a piece of wire ganze 
so that the a-particles may pass into the condenser. By means 
of an electrometer the current between the condenser plates is 
measured. This is done for various distances of the condenser 
from the source. Since all the a-particles in the narrow pencil pass 
into the region between B and C, the variation of the current with 
distance is a direct measure of the ionization produced by the 
a-rays at different points of their path in air. The manner in 
which the current varied is indicated in Eig. 51*9 (6). At first 
the ionization current is almost independent of the distance. Then 
it increases to a maximum and finally falls very sharply almost 
to zero. If ^ and y T3bj& are present there is always a small residual 
ionization ; this remains practically unchanged as the condenser 
is moved beyond the range of the a-particles under investigation. 
The distance OB is taken to be the range of the a-rays in air under 
the prevailing pressure conditions. 

The a-particles emitted from a radioactive source have a very 
high energy content. When they collide with an atom they may 
knock out one of the extra-nuclear electrons of this atom. In 
doing this, the energy of the a-partiole is decreased, but as it 
proceeds more and more collisions occur, A trail of positive and 
negative ions is therefore left behind, and the a-partiole continues 
to operate in this manner until its velocity falls below a certain 
critical value when it is no longer able to eject an electron from an 
atom with which it may collide. 

The Nature of jS-rays. — ^From the deflexion of these rays m 
magnetic and electric fields it was soon apparent that |8-rays were 

c 

high-speed electrons. By means of methods already described — 


and the velocity of these rays were determined. The values ob- 

tained for however, were not constant but the maximum value 
m 

was the same as that for the electrons in a discharge tube across 
which the potential difference was not very great. The rays for 
which the specific charge was a maximum were the slowest. Now 
according to the theory of relativity the mass, m, of a body is 
Mated to its mass, mo, when it is stationary — ^its so-called rest- 
mass..’'— by ■ the equation . , 


m 




where — (c is the velocity of light in a vacuum). Hence 


m w®. 
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Buohebeb investigated the validity of this formmla and Ms 
resnlts were in agreement with it. 

^-rays, unlike the oc-rays, are not characterized by a definite 
range in air. TMs is because they are electrons and although 
their speed may be Mgh their mass is small compared with that of 
an oc-particle. When they ionize a gas atom by colliding with it 
they are deviated from their paths. The path of a j8-ray in a gas 
at atmospheric pressure is therefore an irregular and devious one. 

The Nature of y-rays. — Since y-rays are not deflected when 
subjected to the action of magnetic and electric fields they are 
regarded as being X-rays of very short wave-length. We have 
seen that X-rays are produced when swiftly moving electrons are 
stopped. It is believed that the y-rays have their origin when a 
^-ray is stopped by the material responsible for its origin. 

Helium from Radio-active Minerals. — The stop-cocks H and 
K of the apparatus shown in Fig. 51-10 are opened so that the 



apparatus is exhausted. The tube B containing a small quantity 
of freshly ignited charcoal is then cooled to liquid air temperature so 
that traces of gases and vapours still in the apparatus are absorbed. 
When this occurs an induction coil connected to the electrodes T j 
and Ta fails to excite the tube 0 to luminescence. A small quantity 
of cleveite — a radio-active mineral — previously placed in A is then 
heated when gases are evolved. These pass over the charcoal wMch, 
at the temperature of liquid air, possesses the property of rapidly 
absorbing such gases as air, carbon dioxide, etc. As the heating 
is continued and the induction coil kept in operation a faint yellow 
glow appears in the discharge tube. The intensity of tMs glow 
increases as the experiment continues. It is due to helium wMch, 
together with other gases, has been occluded in the mineral — ^the 
charcoal absorbs these other gases but not the helium. This helium 
is produced when the alpha partioles ejected from the radio-active 
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matter lose tlieir positive charges and the normal helium atoms 
produced remain embedded in the cleveite. When the mineral 
is heated this helium, which is radio-active in origin, is expelled 
along with other gases which are always occluded in solids. 

Cosmic Rays, — ^Eor a long time evidence has gradually been 
accumulating to show that at the earth’s surface there is highly 
penetrating radiation very similar to y-rays. For example, a gold- 
leaf electroscope slowly loses its charge even when the leak along 
the support of the leaves is prevented. The rate at which this 
charge is lost increases when the observations are made at high 
altitudes. This suggests that this radiation comes from space. 

has recently carried out a number of experiments in 
this connection and he has found that the rate of leak of the 
electroscope from this cause decreases when it is sunk to dif- 
ferent depths in lakes. The origin of, these cosmic rays is un- 
certain. 


Thermionics.— When certain inorganic salts are heated positive 
ions, i.e. atoms or molecules charged positively, are emitted. Thus 
impui'e aluminium phosphate emits 
sodium ions. Metal wires emit both 
positive and negative ions when heated, 
but at temperatures above 1,000® C. 
the emission consists almost entirely 
of negative ions. Ions emitted by hot 
bodies are termed thermions. The 
following experiment enables us to 
make a study of these ions in a par- 
ticular instance, viz. when the emission 
consists of electrons only. The ap- 
paratus, Eig. 51*11, consists of a two- 
electrode valve in which P is the plate 
and F the filament. If a three-electrode 
valve is used the grid and plate should 
be in metallic connection. E is heated 
by the current from a battery, B, 
whilst A is a high-tension battery of 
100 volts. The positive pole of this 
battery is connected to P so that when 
electrons are emitted from E they are 
attracted towards P. A 10-ohm re- 
sistance coil, C, is inserted in the circuit EPA-— the current across 
the gap EP comprises electrons emitted from E. In the circuit BE 
two 0*1 -ohm coils X and Y are inserted. The voltages across 
these may be measured with a high-resistance millivoltmeter, MV, 
connection between this instrument and the ends of the coils 
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Fig. 51 •li.---Theri3adonio Emis- 
sion from a Hot Filament, 
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being made with the aid of mercnry cups. With 5^ 

^d the current through E only sufficient to cause it 

no deflexion is obtained on the "s 

I k 7eTo As the temperature of the fiiameEt is raisea 

a point’is reached when MVbegins to show that “ 

the circuit EPA. As the temperature of 

the electronic emission from it becomes 

^ 4 , in V 10-®amT)S. it is measured as well as tue currems 

S: tl VlK-tacoil.. The Mowing n»-b» give » 

dea of the values of the currents : 

P.I). across the— , ■ i. • A.nin amn 

10-ohm coil C == 0-10 volt ; plate current tp = 0 010 amp. 

0-1-ohm „ X = 0-0658 „ current t, = 0 „ 

0*l-ohm „ Y = 0*0570 

These hgures show that 4 

“SeXte P is connected to the negative end of the high-tensi^on 
baW no plate current is obtained. It therefore follows tha 
then such a^tube is connected to a source 

L current will only pass in one direction, i.e. the current has been 
rectified. 

E*ampte.-El6Ctrons from a hot filament shot across ^ vacuous 
space te a coUecting plate fhat%he sniffic cLje^^^ 

electrons when they reach the plate. ' 


/. current ij == 0-570 „ 

. i, = ip, within the limits of experi- 


-=1-77 X 10’ B.M.XJ. gm.-’ 

S 3 X 10“ E.S.U. of quantity. 

= 1-77 X 3 X 10” E.S.IJ. gm.-’ 


m 

Now 1 E.M.U. of quantity ^ 

e 

** m 

Also 100 volts = I E.S.U. of potential difference. . ^ 

T et « be the velocity required- Then kinetic energy . u 

toi eq^l to ^ wo?k die by the field on the electron, vr.. eV ergs 

where e and V are in E.S.U. Hence 


V 


V 


/2 . 0 . V 


m 


= V3-54 X 10” 


S * 0*02, i.e, the velocity of the above electrons is ne- 

^ c- ■ ■ 


== 6 X 10® cm. sec."^ 

« 

[N.B 

fiftieth that of light across space.] 

Photoelectricity.— H bbtz and others in their experiments on 
the discharge of electricity through gases noticed that the discharge 
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between two terminals took place more easily when the spark gap 
was illuminated. In this respect ultra-violet light was more 
effective than rays from the visible or infra-red regions of the 
spectrum. Hajxwachs soon afterwards showed that this pheno- 
menon depended on illumination of the cathode. Further investiga- 
tions by Elscte and Gbitbl, and by Lenabd, proved that when 
metals are illuminated they emit electrons — ^the so-called pAo^o- 
electrons. 

Experiment, Connect a zinc plate to an electroscope and charge 
it negatively. Then allow light from an arc lamp (rich in ultra-violet 
rays) to fall on the plate. Its potential diminishes rapidly, due to 
the escape of electrons from its surface. 

Repeat the above with the plate charged positively. Its potential 
does not change since the positive charge on the plate prevents the 
electrons from escaping. 

A more exact study of the photfeectric effect may be made 
with the apparatus shown in Fig. 51*12. The plates A and C are 
enclosed in an exhausted glass tube fitted with a quartz window D 
and connected to the positive pole of a high-tension battery and to 



earth respectively. The negative pole of the battery is connected 
to the insulated quadrants of an electrometer. When ultra-violet 
light fails on 0 the electrometer needle begins to move, showing 
that electrons are emitted from 0. The key K enables the electro- 
meter to be discharged before commencing the experiment. 

It is now known that no photoelectrons are emitted unless the 
frequency of the incident radiation is greater than a certain value 
characteristic for each metal. Thus for sodium there is no photo- 

I.F. ' II ■' 
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©leokio effect unless the incident light has a frequency greater than 
about 6 X 10^* (green light). Thus blue light (shorter wave-length 
and therefore greater frequency than green light) falling on sodium 
causes the emission of many photoeiectrons. If red light, however, 
is used no such emission occurs even if the light is incident for 
years— theory suggests it to be impossible. 

Three important generalizations with reference to the emission 
of photoeiectrons are as follows : — 

(a) The number of electrons emitted per second is directly pro- 
portional to the intensity of the incident radiation. 

(h) The kinetic energy of the electrons is independent of the 
intensity of the light. 

(c) The kinetic energy of the electrons increases with the 
frequency of the incident light according to the following law due 
to EmsTBiiir : — If m is the x|ass and v the velocity of an electron, 
V the frequency of the incident light, and vo the characteristic 
frequency for the particular metal under investigation, then 

Jmv* = h(v — Vq) 

where h is & universal constant, termed Planck^s constant. It is 
equal to 6*55 X 10“®^ erg. sec. 


EXAMPLES LI 

1. Give a sketch of two types of X-ray bulb and explain how the 
rays are produced. What are the chief properties of X-rays ? 

2* D^cribe how cathode rays and Rdntgen rays may be produced. 
What are the essential differences between these two types of rays ? 

3. Give a short account of the more important emanations from a 
radio-active substance. 

4. — Electrons enter a uniform magnetic field of intensity 207r gauss 
in a direction at right angles to the lines of force. In what time do the 
electrons describe a complete circle ? 

6. — ^A beam of electrons is emitted from a hot filament in an easterly 
direction. The horizontal component of the earth’s magnetic field 
(0*2 gauss) deflects the beam into a circular arc of radius 2 metres. 
Calculate a value for the velocity of the electrons. Through what P.I). 
must the electrons fall in order to acquire this velocity, assuming that 
the velocity of escape is zero ? 

6.— A drop of oil, density 2-0 gm. cm.-* and radius 0*0001 cm., carries 
a charge of four electrons. What P.D. must be applied between the 
plates of the condenser in Millikan’s experiment in order that the drop 
may float if the plates are 6 mm. apart ? Also calculate the maximum 
rate of fall of the drop when the electric field is removed, if the viscosity 
of air at 15° C., the temperature at which the experiment is carried 
out, is 1*80 X 10“* gm. cm.”^ sec,~^ 


ANSWERS TO THE EXAMPLES 


I . (1) 0-82, 0-73, 0-68, 1-07, 57° 18'. (4) 3-14 ff>. (6) 24*9 cm. 

II. (1) 41-7 ft. (2) 4° 47'. (3) 0*92 ft. seo-a., 6*0 secs. (4) 8 cm. seo"*. 

(5) 4-79 secs., 367 ft. (6) 2*7 secs. (7) 48 m.p.h. (8) 72 ft. (9) 20 cm., 
40 cm. (10) 110 ft. lb. (11)0447, 1. (12) 20ff/3, 407ra^^ (13) 1-01 
tons wt. (14) 27r/7 secs. (15) 4*3 X 10® ergs. (16) 10 my^gl (2-V3) gm, 
cm. secA, 60 mgi (2“y'3) ergs. 

in. (1) 139 ft., 324 E.P,S. units of momentum. (2) 11-7 lb. wt., 3*34 
ft. see”*®. (4) 0*29 cm. from tbe centre. (5) 42*2 lb. wt. (6) 28 lb. wt., 
1: 3. (S) 20*67 gm. (9) 1*66 ft. from tbe fulcrum. (10) 78*7 gm. 

(11) 62° 65'. (13) Any point in a vertical line 0*6 in. from the median 

through O', and on the side nearer to B. (17) 86 ft. (18) 16*8 ft. (19) 26'. 

IV. (2) 204 gm. (3) 40*6 cm. (6) 160*3 atmos., 162*1 tons wt. ft.-®. 

(6) 211 gm. wt. cm-a. (7) 0*73 ft. (8) 6025 cu. ft. (9) 6*88 in. 

(14) 4*95 cm®. (16) 29*2 in. of mercury. (16) 261*1 gm. (17) 0*0779 cm., 
1*297 gm. cm-®. (18) 13*7 cm. of water. (19) 12*6 cm.® (20) 3,809 lb. 

per cu. yd. (22) 0*604 : 1 by volume. (23) 0*0169 gm, too heavy. 
(26) 7*67 cm. (27) 1*014. (29) 76 cm. 

V. (3) 30*6 dynes. om.“^ (4) 2*7 C.G.S. units. (8) 30*7 dynes. cm,“^ 

(13) 1*26 X 10® dynes, cm.-* (16) 2*60 cm. (16) 1*3 cm. (18) 16*1 cm. 

VI. (1) 2. (2) 311 lbs. in-*. (3) 8 kgm. (4) 0*086 cm.® (6) 6*68 X 
10® ergs. (6) 2*03 X 10^* dynes, cm.-* (7) 32 kgm. (9) 4*06 X 10^* 
dynes. cm.~* (10) 1*0007 gm. cm.-® (11) 2*90 X 10’. (12) 6*61 secs. 

(14) 179*6 cm. 

Vn. (1) 99*59° a, + 0*39° 0. 

VIII. (1) 0*0000075 deg.-i C. (3) 0*9998 secs. (4) 3*82 X 10-® deg.-® 0. 
3*77 X 10-® deg.-® C. 

IX. (1) 13*35 gm. cm.-®. (2) 0*00014 deg,-® C. (3) 3*9 cm.® (4) 241*6 
cm.®, 420 cm.® (6) 83° C. (6) 80*7 cm. of mercury. (8) 1*064 X 10-* 
deg.-®C. (9) 0-00018 deg,-® C. (10) 57 cm. (13) 0*00216 deg.-® F., or 
0*00387 deg.-® C., i.e. 1*06 times too large, (16) 0*27 cm. (17) 29*64 in. 
(19) 0*00072. (21) 751*7 mm. (22) 0*00031. (24) 225° C. (25) 2*29 X 10-® 
deg.“® 0. 

X. (1) 6*74 X 10® cal. (2) 13*4 gm. (3) 0*092 cal. gm.-® deg.-® C. 

(4) 11*2 gm. (5) 0*14 cal. gm.-® deg.-® C. (6) 0*077 cal. gm.-® deg.-® C. 

(7) 0*046 cal. gm,-® deg,“® C. (14) 0*072 cal, gm.-® deg.-® C., 0*63 cal. 
deg.-® C. (15) 138*9 gm, (16) 62 lb. 

XII. (1) 7*8 cm. of mercury. (2) 0*42 atmos, (3) 0*8 and 1*2 cm. of 

mercury respectively. (4) 23*7 cm. 

/320J 

XIV. (1) 71 per cent. (2) 349 metres sec.-®. (3) v cm. 

sec.-®. (6) 0*0088° C. 

XV. (1) 0*118 cal. cm.-® sec.-® deg.-®C. (3) 2 X 10® cal. (4) 1*67 X 
10® cal. sec.-® (8) 1*6 X 10-® cal, cm,-® sec,-® deg.-® C. (9) 0*93 cal. 
cm.-® sec.-® d©g. -®0. (10) 464 watts. 

XVI. (4) 3*11 mins. (5) 3*83 X 10-® cal. sec.-® cm.-* deg.-® 0, 

XVII. (1) 1 : 1*82. (2) 68*1 cm. (3) 1*04 (or 0*96). (4) 14*3 cm. 

(5) 1*06 or 18*94 metres from the brighter source, (6) 41*9 cm. from spot 
XVIII. (1) 62°. 

XIX. (1) 12 cm. (2) —11*3 cm. (3) 2*7 ft. in front of mirror. 
(4) 3*26 ins. behind convex mirror. (6) — 2*2 in. (6) — 6*2om. (7) 62*6cm. 

(8) 2*67 ft. 

: sbb , ■ ^ 'ii* , "■ 
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MfSWERS TO THE EXAMPLES 


XX. (2) 28*^ 16^ (3) 1*61. (4) 48® 33^ 62® 44'. (6) 1-606, 38® 33'. 

(6) 1*629» 39® 44'. (8) 0-38 in. (9) 33*2 cm. from back surface. (10) 
34® 61', (11) 4-81 cm. (12) 68® 38'. (13) 69® 42'. 

XXL (1) —22-3 cm. (2) + 8-4 cm., 0*41, (3) 41-4 cm. (4) 20 cm. 
bebind second lens; unity. (6) — 17-7 cm. (6) 41*0 cm. (7) 3*2 cm. from 
mirror; 0*92 oi^, (10) 20*6 cm. (11) 1-63. (12) 2*6 cm. from the surface. 
(13) 1*61 

XXni. (6) + 10 cm., — 6*7 cm. (7) L « — 37*5' cm., in = + 60 cm. 

XXIV, (1) — 6*4 ins. (2) 6 ft. (3)24 ins.; 1*64. (4) — 39*4 ins. 

(6) 4-2 cm., 6, 

XXV. (3) 10-6 in. (7) 2*42. 

XXIX, (1) 6-87 X 10-« cm. (2) 2*2 X 10-» radian. (7) 431 cm. 
(8) 6*73 X 10-« cm. 

XXX. (1) 1*624. 

XXXII. (1) 494 sec.-L 

XXXni. (1) (a) 16*7, 50-0, 83*3, 116*7, 160 cm, (6) 17-2. 61*6, 86*9, 
120*3 cm. (3) 8-3 gm. cm,-*. (4) Increase tension 2*78 times reduce 
length 0*6 times. (6) 6*4. 

XXXV. (2) 28*6 B.S.IJ. (3) 0-30 dyne. (4) 0-92 dyne. 

XXXVI. (1) 3*37cm.,6*91 E.S.U. (2) 7*6 E.S.U., 2250 volts. (3) 28 cm. 
(4) 0*79 E.S.XJ. less. (7) 0*04 E.S.XT., 0-1 erg. (9) 31-4 ergs, (16) 1-26 x 
10* ergs., 40 volts, 1-00 x 10* ergs. (18) 28-3, 20, 20; 8*33, 0, 0 E.S,TJ. 

XXXVIL (2) 1-77 dynes, 6-19 dynes. (3)2*65 E.S.U. of charge, 
4*42 x 10“* dynes cm.-*. (4) 2irt(/c + 1). (6) Ott dynes cm.-*. (6) 

8*3 x 10-« cm. 

XXXVIII. (3) 1-62 X 10 -w amp. (4) 3*1 x 10* dynes. 

XXXIX. (1) ^4-7 dynes. (2) 0-71 dyne. (3) 2-99 cm. (4) 63-6 or 
31*7 ergs, gausa*^. (7) 8-6. (8) 168 ergs. gauss~^. 

XL. (1) 0*0226 gauss. (2) 0*14 gauss. (3) 37-2 unit poles, 744 unit 
poles, cm. (4) 9-7 C.G.S. units. (6) 7-4 secs. (6) 73-9 unit poles, cm. 

(7) 126-3 dyne, cm., 296 ergs. 

XLI, (2) 229 ergs, gauss-^ 0-17 gauss. 

XLIV. (4) 0*159 ampere. (5) 19-98ir gauss. (6) 0*4r-^ gauss. 

XLV. (1) 110-2 volts. (2) 6-76 volts. (3) 0*^7 amp. (4) 1-76 volts., 
1*62 volts. (6) 3-9 ohms. ^(6) 9 ohms, 0-92 ohm, 0-23 amp., 2*26 amps. 
(7) 10 ohms. 109-9 (9) 118-2 ohms. (10) 1-43 ohms, 2 ohms 

(11) 0*16 gau£«. (l2fFl8 volts. (13) 1 : 1-83. (14) 6 ohms, 18*8 X 10 

ohm. cm. (16) 0-24 amp. (17) 4*66 volts ; 10 volts. (18) 9,000 ohms, 

series resistance. (19) 9,900 ohms series resistance. (20) 6-90 ohms. (22) 
19*1 ohms ; 1*01. (23) Shunt with 10*1 ohms. 

XLVL (1) 0-041 ampere. (2) 1*61. (3) 1-016 ampere. (6) 1-77 x 10“* 
ohm. cm. 

XLVn. (1) 0*28 gm. (2) 8 turns. (3) 2-16 hours. (6) 13 ohms. 

(7) 1*26 amps. (9) 1-15 amps. 0*068 gm. 

XLVIII, (1) 4-08. (2) 0-98. (3) 4*7 ohms. (6) 100 : 10 : 18-2 : 1*82 

or 1 : 10:6*5:55. 

XLIX, (6) 7*1 X 10*^ volts. (6) 0*060 ampere. (7) 4 x 10“* volt, 

(8) 1-3 X 10-» volt, (9) 1-3 X 10'* volt. (13) 2 x 10® gauss. (14) 

(16) 2 X 10“* henry. (16) Btt X 10~* volt. 

LI. (4) 0*66 X 10-8 sec. (6) 7*08 X lO® cm. sec.-^ 139 volts. (6) 
6*46 X 10* volts; 2-4 X 10“* cm. sec.-*. 


TEIGONOMETEICAL EATIOS 


Degrees. Eadians. Chord. Sine. Tangent. Cosine. 


0 0 00 1 1-414 1-5708 90 *^ 

-0175 -0175 57-2900 *9998 1 - 402 ' 1-5583 89 

•0349 -0349 28-6363 -9994 1-389 1-6359 88 

•0523 -0524 19-0811 *9986 1-377 1-5184 87 

-0698 -0699 14-3007 *9976 1-364 1-5010 86 

•0872 -0875 11-4301 *9962 1*851 1-4835 85 


Sine. Chord. Eadians. Degrees. 


Angle, 



Toe tsdpyiight of that portion of the abore table •which gives the logarithms of nnmbers 
from 1000 to 2000 is the property of Messrs. Macmillan and Company, X.imited, 
by whose permission they are reprinted. 




LOGARITHMS 


7084 7093 7101 7110 
7168 7177 7185 7193 
72517259 7267 7276 7284 
7332 7340 7348 7356 7364 

7412 7419 7427 7435 7443 

7490 7497 7506 7513 7520 
7666 7574 7582 7589 7597 
7642 7649 7657 7664 7672 
7716 7723 77317738 7745 

7782 7789 7796 7803 7810 78^8 

7853 7860 7868 7875 7882 7889 
7924 79317938 7945 7952 7959 
7993 80008007 8014 8021 8028 
8062 8069 8075 8082 8089 8096 

8129 8136 8142 8149 8156 8162 

66 8195 8202 82098215 8222 8228 

67 8261 82678274 82808287 8293 

68 8326 833183388344 8351 8357 

69 8388 8395840184078414 8420 

70 1 ^1 8457 8463 8470 8476 8482 

8513 8519 8525 85318587 8543 
8573 8679 8586 86918597 8603 
8633 86398645 86518657 8663 
8692 8698 8704 8710 8716 8722 

8751 8766 876287688774 8779 

8808 8814 8820 88258831 8837 
8865 88718876 8882 8887 8893 
8921 89278932 89388943 8949 
8976 8982 8987 89938998 9004 


9036 9042 9047 9058 

9090 909691019106 9112 
9143 9149 9164 9159 9166 
919692019206 9212 9217 
9248 9253 9268 92681 9269 

9299 9304 9309 9316 

86 9345 9350 9855 9360 9365 

87 9395 94009405 9410 9416 

88 9446 9450 9455 9460 9465 

89 9494 9499 9MI 9509 9513 

9542 9547 9552 9567 9662 

9595 9600 9605 9609 9614 
9643 9647 9662 9667 9661 
9689 9694 9699 9703 9708 
9736 9741 9745 9750 9754 


9782 9786 9791 9795 

9827 983298369841 
9872 9877 9881 9886 
9917 9921 9926 9930 
9961 9966 9969 9974 


7126 7135 7143 ‘ 
7210 72187226 
7292 7300 7308 
73727880 7888 

7152 

7235 

7316 

7396 

7451 

745917466! 

7474 

7528 

7604 

7679 

7752 

76367643 7551 
7612 7619 7627 
7686 7694 7701 
7760 7767 7774 

7826 

7832j7839l 

7846 i 


7966 79737980 7987 
8035 80418048 8065 
8102 8109 8116 8122 

8169 8176 81828189 

8235 824182488254 
8299830683128319 
83638370 83768882 
84268432 8439 8445 

8488849485008506 

8549 8555 85618567 
86098615 8621 8627 
8669 86768681 8686 
8727 8733 8739 8745 


9117 9122 9128 9133 
9170 9175 9180 9186 
9222 9227 9282 9238 


9325 

9330 9335 

9340 

9375 

9425 

9474 

9523 

9380 9385 
9430 9435 
9479 9484 
9528 9533i 

9390 

9440 

9489 

9538 
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INDEX 


“ A ** position of Gauss, 673 
Abba’s Immersion Objective, 488 
Aberration, chromatic, 421 
spherical, 358 
Abney, 336, 419 

Absolute determination of earth’s 
magnetic field, 687, 725 
Absolute expansion of liquids, 169 
Absolute expansion of mercury, 
direct determination, 163 et seq, 
— indirect determination, 169 et 
8eq, 

Absorption spectra, 416 
Absorptive power, 316 
Acceleration, 23 
due to gravity, 25 
Accommodation of the eye, 442 
Accumulators, 794 
Achromatic lens, 422 
prisms, 424 
Acinic line, 690 

Addition of S*H.M/s, 612 ef aeq. 
Adiabatic change, 260 
Air pumps, 88-92 
Alcoholometry, 77 
Alloys, eutectic, 222 
Alpha rays, 873 et seq. 

Alternating current, 646, 831 
frequency of, 646 
Ammeter, 764 
Ampere, the, 740 
Amplitude of a wave, 612, 630 
Analysis, spectrum, 407 et seq. 
Anatomy of the ear, 671 
of the eye, 438 
Andrews, 266 
Angle, critical, 369-372 
of contact, 110 
of declination, 683 
of dip, 683, 830 

of minimum deviation, 377, 414 
of repose, 61 
polarizing, 604 

Anions, 784 > 

Anode, 776 

Anomalous expansion of water, 167 
Anticathode, 869 
Antinodes, 636 
Aplanatic foci, 468 


Apparent depth, 366 
expansion of liquids, 168 
Aqueous humour, 439 
vapour in the atmosphere, 242 et seq. 
Arago’s disc, 827 
Arc, electric, 805 
Archimedes principle, 69-70 
Artificihl horizon, 350 
magnets, 665 
Astatic galvanometer, 721 
Astigmatic pencil, 360 
Astigmatism, 444 
Astronomical telescope, 466 
Atomic heats, 212 
Attracted disc electrometer, 641 
Attwood’s machine, 30-3 
Audibility, limits of, 671 
Audition, 671 et seq. 


“ B ” position of Gauss, 674 
Back E.M.F, in electrolytes, 784 
« — in motors, 836 
Balcmce, chemical, 61 
micro-, 63 
sensitivity of, 61-2 
theory of, 61 
torsion, 681 

Balance-wheel, compensation of, 165 
Bahmcing columns of liquids, 82, 163 
Band spectra, 416 
Barlow’s wheel, 730 
Barometers, 79-80 
Barometric height, correction for 
temperature, 172 
Barr and Stroud, 466 
Bates, 727 

Battery, resistance of, 756, 766 
Beats, 639 

Beckmann thermometer, 147 
Becquerel, 436, 873 
Bell, electric, 712 
Bench, optical, 396 
Berget, 282 

Berthelot’s apparatus for latent heats 
of vapours, 206 
Beta rays, 873 
Bichromate cell, 704 
Binoottlar vision, 461 
889 k 
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INDEX 


Biot and Savart, 718 
Biprism, 489 

Black body radiation, 311 
Blind spot, 441 
Blindness, colour, 447 
Boiling, 232 
-point, 142 

— effect of pressure on, 233-4 
Boltzmann, 646 
Bomb calorimeter, 213 
Bouquet, phantom, 358 
Boyla tube, 270 
Boyle’s law, 80 
Brewster, 504 
Bramah press, 87 
Brinkworth, 201 
Broadside-on position, 674 
Brownian movement, 98 
Bubble, pressure inside, 109 
Bulk modulus of elasticity, 135 
of an ideal gas, 136 
Bxmsen, 415 
Bunsen’s cell, 705 
ice calorimeter, 208 « 
grease-spot photometer, 329 
Buoyancy in gases, 83 
correction for, 83 

Butterfly net experiment, Faraday’s, 
692 


Cadmium cell, 708 
Calcite, 433, 506 

Gahbratiop of a mercury ther- 
mometer, 142 

Callendar, 183, 191, 197, 266, 284, 
310, 876 

Callipers, vernier, 7 
Caloric theory, 251 
Calorie, definition of, 187 
Calorific value of coal, 213 
Calorimetry, 187 et seq. 

Camera, photographic, 470 
pinhole, 470 
Canal rays, 868 
Candle power, 326, 337 
Capacity, of condensers, 609 et seq., 
772 

specific inductive, 610 
Capillarity, 107 et seq. 

Capillary tube, rise of liquid in, 113 
Carbon dioxide, isothermals for, 266 
Carbon filament lamp, 804 
Carey Foster, 766 
Caries, 449 ^ 

Cascade, condensers in, 613 
Cathode, 776 
rays, 866 et eeq. 

Cations, 784 

Caustic curve by reflexion at a con- 
cave eurfaoe, 369 

by refiraotion at a plane surface, 375 


Cells, voltaic, 702 et eeq. 

Centigrade scale, 140 
Centre of curvature, 362 
of gravity, 48 
optical, of a lens, 388 
Centrifugal force, 36 
Centripetal force, 36 
C.G.S. system of units, 3 
Change of volume with change of 
state, 218 

Characteristic equation for ideal 
gases, 178 

Charge inside a conductor, 692 
Charles’ law, 176 
Chromatic aberration, 421 
Chromosphere, 417 i 

Ciliary muscle, 439 
Circle of least confusion, 360 
uniform motion in, 36 
Clinical thermometer, 145 
Closed magnetic chains, 861 
pipe or tube, 661, 663 
Clouds, 249, 473 

Coefficient of absolute expansion of a 
liquid, 169 

apparent expansion of a liquid, 
168 

cubical expansion of a soUd, 161 
friction, static, 61 
„ kinetic, 61 

Coefficient of increase in pressure at 
constant volume, 176 

— in volume at constant pressure, 
176 

— in resistance with temperature, 
769 

linear expansion, 160 
self-induction, 810 
Coherent rays, 489 
CoUadon and Sturm, 626 
Collimator, 411 
CoUoids, 106 
Colour, 419 
blindness, 447 
mixture, 419 
primary, 419 

Column of liquid, presaur© due to, 68 
Combination of thin lenses, 390 
Comparator, 154 
Compensated pendulum, 166 
Complementa^ colours, 419 
Compound microscope, 463 
Compressibility, 136 
Concave lens, 386, 387, 402 
mirror, 362, 397 
surface, refraction at, 384 
Concord, 673 

Condenser, capacity of a plate, 609, 639 
guard ring, 616 
energy of, 616 
spherical, 609 
variable, 6X2 
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Condensers in parallel, 612 
in series, 613 

Condensing electroscope, 660 
Conductivity, electrical, 757 
thermal, 276 ei seg'. 

Conductors, 761 * 

Cones, rods and, 440 
Conjugate foci, 390 
Conservation of energy, 35 
Constant pressure gas thermometers, 
174, 182-3 

volume gas thermometers, 177, 180 
Construction of a barometer, 79 
mercury-in-glass thermometer, 141 
Contact, angle of, 110 
Continuous spectrum, 416 
Convection currents, 294 
Conventions, optical sign, 362 
Converging lenses, 386, 387, 399 
Convex mirrors, 364, 397 
surface, refraction at, 386 
Coolidge tube. X-ray, 870 
Cooling curve ^method for determin- 
ing melting-points, 217 
— specific heats of liquids, 194 
et 

Cooling correction, 190 
due to an adiabatic expansion, 263 
Newton’s law of, 317 
Corkscrew rule, Maxwell’s, 711 
Cornea, 439 

Corpuscles, negative (cathode rays), 
866 

Corpuscular theory of light, New- 
ton’s, 480 

Correction and error, 8, 16 
Correction of barometric reading for 
temperature, 172 

Corrections for heat exchange, 190 
Corrosion, 704 
Coulomb, the, 740 
Coulomb’s theorem, 628 
Couple, 48 
Critical angle, 369 
pressure, 269 
temperature, 268 
Crossed niools, 608 
Cryophorus, 240 
GrystaUine lens, 439 
Cj^stalloids, 106 
Curie, 860, 873 
Current efficiency, 792 
electric, 700 et seq. 
unit of, 716, 740 

Cylindrical lenses and astigmatism, 
'444 ■ 


D lines, 416, 417 
Balton, 447 

Dalton*s law of partial prassures, 227, 
236 


Daniell cell, 707 
Baniell’s hygrometer, 243 
Davy safety lamp, 276 
Davy’s experiments on the nature of 
heat, 252 

Declination, angle of, 683 
measurement of, 686 
Defects of vision, common, 443 
Density, 66 
vapour, 237 ei seq. 

Depolarizing agents, 704 et aeq,, 797 
Depth, apparent, 366-6 
Derived quantities and units, 3 
Determination of electro-chemical 
equivalents, 779 
of of cell, direct, 792 

of frequency, acoustic, 653, 662 
et aeq. 

Deviation, minimum, 377, 414 
Deviations from Boyle’s law, 267 
Dew, formation of, 249 
Dewar flask, 319 
Dewpoint, 242 
Dialysis, 106 

Diamagnetic substances, 667, 863 
Diathermancy, 304 
Dielectric constant, 610, 646 et aeq. 
strength, 611 

Difference between the specific heats 
of a gas, 198, 264 

of potential (electric), 601 , 

potential (magnetic), 697 
Differential pulley, Weston’s, 66 
steam calorimeter, J oly ’s, 211 
Diffiaction grating, 491 
Diffusion, of gases and solutions, 
98-102 

of metals, 102 
Dilatometer, weight, 169 
Dimensions, theory of, 41 
Dioptre, 392 
Dip, angle of, 683, 699 
circle, 683 

determination of angle of, 684, 880 
Direct vision spectroscope, 426 
Discharge of electricity through 
gases, 864 ef 
Discord, 673 

Disintegration, radioactive, 872 
Dispersion, 408 ei «eg. 

Dispersive power, 420 
Displacement, 18 
electric, 623 

Displacements, composition of, 19 
Diverging lenses, 386, 387, 402 
Dolezalek electrometer, 643 
Domestic hot water supply, 275 
Doppler effect, 640 
Double refraction, 605 
Dropping plate apparatus, 666 
Drops, formation of, 120 
Dry cell, 706 
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Dulong aiad Petit, 163, 212 
Dumas, 238 
Dynamo, 832 et seq. 
Dynamometer, friction, 63 
Dyne, 27 


Ear, its anatomy, 571 
Earth inductor, 829 
Earth*s magnetic field, 682 et seq., 
726, 830 
Eclipses, 324 
Eddy currents, 827 
Effusion, 100 
Elastic fatigue, 137 
limit, 131 
Elasticity, 129 e^ 
of a gas, 136, 622 

Electric charge, unit of (electro- 
static), 682 
displacement, 623 
doublet, 620 
field, 686 
polarization, 62 1 

Electrical determination of the me- 
chanical eqtiivalent of heat, 267, 
802 

Electrification by friction, 677 
by induction, 687 
theories of, 690 

Electrochemical eqmvalent, 770 
Electrolysis, 776 seq, 

Paraday^s laws of, 778 
Electrolytes, 776 
and Ohm’s law, 782 
Electromagnet, 666 
Electrometer, attracted disc, 641 
bifilar, 641 
quadrant, 643 

Electromotive force, 741, 760 et eeq. 
Electron, 866 

Electronic discharge from hot wires, 
879 

Eiectrophorus, 648 
Electroscope charged by induction, 
689 

condensing, 660 
gold leaf, 679 

Electrostatic unit of charge, 683 

— of potential difference, 698 
Emission of electrons from hot wires, 

806, 879 

theory of light, 480 
Emissive power, 316 
Emissivity of a surface, thermal, 319, 
807 

End corrections, open and closed 
pipes, 664 

— metre bridge, 766 
End-on position, 674 
Energy, 34 

principle of conservation of, 35, 602 


Energy, strain, 136 
surface, 107 
Epidiascope, 465 

Equality of charges produced by 
friction, 693 

Equilibrium, types of, 49 
Equipotential surfaces, 603 
Equivalent focallength of two lenses, 
390 

Joule’s, 262 et seq^ 801 
magnetic shell, 716 
Erecting prism, 460 
Erg, 34 

Errors due to parallax, 16 
of observation, 16 
Evaporation, 224 ei segf. 

Ewing, 860 

Exchanges, Prevost’s theory of, 306 
Eaqpansion of gases, 174 etseq^ 
of liquids, 158 et seq, 
of solids, 160 etseq. 

Extraordinary ray, 605 
Eye, its anatomy, 438 


Fahrenheit scale of temperature, 140 
Failing bodies, 25 
plate appsuratus, 666 
Far point, 443 
Farad, 772 

Faraday’s butterfly net experiment, 
592 

experiments on induced currents, 
Sl'I et aeq. 
ice-pail, 692 
laws of electrolysis, 778 
Fatigue, elastic, 137 
retinal, 446 

Ferromagnetic substances, 667, 863, 
869 

Ferry, correction for cooling, 1 90 
Fiok’s law, 100 
Filter pump, 89 
Fizeau, 475 
Fleming, 729, 821 
Flint and crown glass, 424 
Floating bodies, stability of, 77 
Flotation, principle of, 70 
Fluorescence, 433 
Flux, magnetic, 821 
Foo£d lengths of mirrors, 354, 397 et 
aeq, 

— of lenses, 386, 399 et seq. 
lines, 369 
planes, 390 
Foci, conjugate, 390 
principal, 354, 386-7 
Foot-pound, 34 
Foot-pouncM, 34 

Forhe’s experiment on thermal con- 
ductivity, 279 
Force, 27-8 
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Force, on condnotors in magnetic 
fields, 729 
pump, 84 

Forces, composition and resolution 
of, 46 

Fortin barometer, 80 
Foucault, and the velocity of light, 
477 

in material media, 481 
currents (eddy), 827 
Fraunhofer lines, 417 
Frequency, measurement of, 645, 
662 et aeq, 

Fresnel’s biprism, 489 
Friction, 60 et aeq. 

dynamometer, 63 
Fundamental interval, 141 
units, 3 


Gahleo, 26, 321 
Galilean telescope, 460 
Galton’s whistle, 558 • 

Galvanometer constant, 723 
Galvanometers, 721 et aeq. 

Gamma rays, 873 
Gas equation, characteristic, 178 
Gases, dielectric constants of, 624 
Gauss, “ A ” and B ” positions of, 
673 

proof of inverse square law, 674 
the, 660 
theorem of, 626 
Gold leaf electroscope, 679 
Graduation . of a mercury ther- 
mometer, 14:2 et aeq. 

Graham’s law of diffusion, 100 
Gramme armature, 835 
Gramophone, 675 

Gravity, acceleration due to, 25, 30 
etaeq. 

Graphical construction for caustic 
curve, 376 

focal lengths, 397, 399 
Grease spot photometer, 329 
Greely, 526 

Gridiron pendulum, 166 
Grotthus, 784 
Guard ring condenser, 616 
methods, thermal conductivity, 
282, 288 ef aeq. 


“H”— determination of, 687, 726, 
830 
Hail, 249 

Hare’s apparatus, 82 
Harmonic motion, simple, 36 
Harmonics, 646 
Heat, a form of energy, 262 
theories of, 261 

Heating effect of a current, 801 


Hebb, 626 

Helmholtz galvanometer, 724 
resonators, 672 
and free surface energy, 109 
Helmholtz’s wheel, 442 
Herschel, 428 

Heterochromatio photometry, 333 

Heusler’s alloys, fos, 869 

Hoar frost, 260 

Hofmann, 237 

Hooke’s law, 132 

Hope’s experiment, 167 ei aeq. 

Horse power, 34 

Hot wires, electron emission from, 
805, 879 

Hot wire X-ray tube, 870 
ammeter, 806 
Hunning’s transmitter, 860 
Huyghens, 26, 481 
Hydraulic press, 87 
Hygrometry, 242 et aeq. 
Hypermetropia, 443 
Hypsometer, 142 
Hysteresis, magnetic, 866 


Ice calorimeter, Bunsen’s, 208 
Iceland spar, 606 
Ice-pail, Faraday’s, 692 
Ideal gas, characteristic equation for, 
178 

Ignition set for a motor-car, 847 
lUumination, intensity of, 326 
Image by reflexion in a plane mirror, 
343 

formation of (lens), 385 et aeq. 

— (mirrors, curved), 352 aeq. 
Images, multiple, 345, 380 

real and virtual, 365, 398, 402 
Immersion objective, 468 
Incandescent .filament lamp, 804 
Inclined plane, 66 
Index of refraction, 361 
of material of a lens, 403 

— prism, 378, 414 , 

Induced ch^ges, electrostatic, 687 

currents, 817 ct acg. 
magnetization, 664, 862 
Induction coil, 844;^ 

electromagnetic, 817 slaeg, 
magnetic, 696 
self, 839 

Inductor earth, 829 
Inertia, moment of, 677 
Infra-red radiations, 303, 312, 428 
Ingen Haiisz, 282 
Insulators, electric, 679 
thermal, 276, 284 ei aeq. 
integraring photometer, 339 
hatensity of earth’s horizontal mag- 
r^ic field, 687 et aeq., 726 
electric field, 686 


m INDEX 


Intensity of eairth’s illnmination, 326, 
; ' .338 ■ ■; ■ 

Inminous, 326, 337 
magnetic field, 660, 695 
magnetization, 668, 852 
Interference (light waves), 488 et seq, 
(sonnd waves), 530 et aeq. 
colours of thin films, 497 
fringes, localization of, 493 
Internal resistance of a cell, 760, 765 
Interval, musical, 673 
Invar steel, 166 

Inverse square law of electric force, 
682 

illumination, 327 
magnetic force, 669 
• — verification of, 659, 662, 674, 
679 

radiant energy, 300 
Ions, 741, 784 
mobility of, 789 
Iris, the, 439 
Irradiation, 446 
Isoolinic, 690 
Isogonal, 690 
Isothermal change, 260 
curve, 260 

Isothermals for carbon dioxide, 
266-9 

Isotonic solutions, 105 


J, 262 ei 801 
Jaeger, 117 
Jar, Leyden, 610 
Jeans, 306 

Joly’s steam calorimeter, 210 
Joule, the, 34 
JouleV equivalent, 262, 801 
experiments on expanding gases, 264 
law, 262, 


Kelvin’s absolute attracted disc 
electrometer, 641 

method for resistance of galvano- 
meter, 765 

Kew magnetometer, 687 

Kilogram, International prototype, 4 

Kinetic friction, 61 

Kirchoff, 416, 749 

Kohlrausch bridge, 781 

Kundt’s interference tube, 669 


Lamp, incandescent, 804 
Lantern, optical, 464 
Laplace, 622 
Laplace’s law, 732 
Latent image, 472 
heat of fusion, 201 
vaporization, 263 


Law, inverse square* of electric force, 
682, 624, 636-8 

— filumination, 327 

— ma^etic force, 659 
of coohng, Newton’s, 317 
Snell’s, 362 

Stefan’s, 310, 314 
Laws of electrolysis, 778 
graphical determination of, 14 
induced currents, 821 et aeq. 
motion, 26 
reflexion, 342 
refraction, 362 

Least confusion, circle of, 360 
Leclanch6 cell, 706 
Lees’ disc, thermal conductivity, 286 
Left-hand rule, Fleming’s, 729 
Lens, achromatic, 422 
combination, 390 
focal length of, 386 
optical centre of, 388 
power of, 392 
principal foci of, 386-7 
refraction through, 386 
refractive index of material of, 403 
Lenses, types of, 386 
Lenz’s law of induced currents, 821 
Levers, 60 
Leyden jar, 610 
Light, theories of, 480 et aeq. 

Limit, elastic, 131 
Limits of accuracy, 16 
audibility, 571 
Lines of force, 686, 661 
Liquefaction of gases, 272 
Lissajous’ figures, 616, 566 
Local action, 704 
Location of images, 396 
Longitudinal vibrations of a rod, 
661, 659 
waves, 619 
Long sight, 445 
Loops and nodes, 652 
Lower fixed point of thermometer, 
140,142 
Lumen, 326 

Luminous flux, 326, 337 

— intensity, 326, 337 
Lummer-Brodhun photometer, 332 
Lux, 326 


Machines^ 49 et aeq. 

Magnetic balance, Hibhert’s, 659 
elements, 682 
field, 653 

— due to electric currents, 710 
et aeq. 

induction, 654 
moment, 666, 669, 6i76 
»heHs,,7,13' 
storms, 693 ■■ 
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Magnetism, indiiced, 654, 852 
Magnetographs, 692-3 
Magnetometer, deflexion, 671 
Scliuster, 725 ^ ^ ^ 

vibration, Searle’s, 677 
Magnets, molectdar, 860 
natural and artificial, 652, 655 
Magnetization, theories of, 869 
Magnification due to lenses, 392 
due to curved mirrors, 357 
Magnifying power of a lens, 452 
microscope, 462 et seq, 
telescopes, 456 et eeq. 

Major chord, 574 

Mance’s method for determining .re- 
sistance of a cell, 756 
Manometer, 93 
Manometrio flame, 558 
Mass and weight, 27 
Maximum and minimum thermom- 
eters, 146 

density of water, temperature of, 
167 et seq. 

Maxwell, 224, 637, 711, 719, 749 
McLeod Gauge, 94 
Mean spherical candle power, 339 
values, 11 

Measurement of resistance, 745 et 
seq,f 763 et seq, 

temperatures, 140, 180 et aeq., 771 
Mechanical advantage, 49 

equivalent of heat, 252 et aeq.} 801 
Melde’s experiment, 547 
MeUoni, 304 

Melting-point change with pressure, 
219 

curves, 217, 218 
determination of, 216 
Membrane, semi-permeable, 103 
Meniscus lens, 386 
Mercury, thermal expansion of, 163 
et aeq. 

pumps, 88 et seq. 
thermometers, 141 
vapour lamp, 427 

Meridian, magnetic and geographic, 
683, 686 
Metacentre, 78 
Metre bridge, 746 
candle, 326 
standard, 4 
Michelson, 479 
Microfarad, 772 
Micrometer screw gauge, 7 
Microphone, 849 

Mieroseope, compound, 453, 464-6 
magnifyiiig power of, 462, 
simple, 461 
vernier, 9 

Migration of ions, 784 seq. 

Millilitre, the, 171 
Miner’s lamp, 274 


Minimum deviation, angle of, 377, 
416 

distance between image and object 
(convex lens), 400 
Mirror galvanometer, 735 et seq. 
Mirrors, curved, 352 
inclined, 345 
plane, 343 
Mist, 249 

Modes of vibration of columns of 
gas, 651 
rods, 649, 551 
strings, 643 
Modulus bulk, 135 
of elasticity, 132 
of rigidity, 132 
Young’s, 132 et seq.p 660 
Molecular theory of magnetization, 
860 

Moment of a couple, 48 
force, 48 
inertia, 677 
magnet, 665, 669 
Monochord (or sonometer), 643 
Monochromatic light, 409, 427 
Motor, electric, Sfe 
Moving coil galvanometer, 736 
magnet galvanometer, 737 
Multiple images, 345, 380 
Musical intervals, and scales, 673 
Mutual inductance, 837 
Myopia, 444 


Natural light, 407 
magnets, 662 
Near point, 443 
Negative, photographic,* 472 
Neumann’s law, 822 
Neutral equilibrium, 49 
point, 664 

Newton, 26, 317, 321, 407 et seq., 462, 
480, 497, 522 

■ and the speed of sound, 521 
Newton’s experiments on the spec- 
trum, 407 

explanation of reflexion and re- 
fraction, 480 
law of cooling, 317 
laws of motion, 26 
rings, 497 
telescope, 462 
Nicol’s prism, 606 
Nodes and antinodes, 536 
Normal adjustment, telescopes in, 
456, 459, 460 

Null methods in mag^ietometry, 677 


Objectives, telescope and micro- 
scope, 467 
Occlusion, 96 
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Octave, 573 
Ohm’s law, 742-3 
for electrolytes, 782 
Optic axis, 507 
Optical bench, 396 
centre of a lens, 388 
iUnsions, 445 
lantern, 464 
lever, 153 
Organ pipes, 557 
Orthochromatic plates, 472 
Osmosis, 102 
Osmotic pressure, 103 
Overtones, 546 


Panchromatic plates, 473 
Parabolic mirror, 360 
Paramagnetic substances, 657, 862 
Paraxial rays, 353 
Parallax, 16, 396 

Parallelogi'am of forces, and of 
vectors, 20, 46 
Partial eclipse, 324 
pressures, Dalton’s law of, 227, 
235 

Paths of rays, Inicroscopes, 450 et 
seq, 

telescopes, 455 et mq. 
tracing of, in optical systems, 356, 
363, 389, 

Peltier effect, 808 
Pendulum, Blackburn’s, 515 
simple, 37 
Pentane lamp, 325 
Penumbra, 323 
Perfectly black body, 312 
Periscope, 463 

Permeability, magnetic, 696, 863 
Perry, 62 

Persistence of vision, 442 
Personal equation, 523 
Petrol pump, 85 

Phenomena in a discharge tube, 864 
e^eeq. 

Phase, 512 
Phonic wheel, 664 
Phonograph, 676 
Phosphorescence, 433 
Photoelectric effect, 433, 880 
Photometer, Bunsen’s grease spot, 
329 

flicker, 333-6 
integrating, 339 
Lummer-Brodhun, 332 
Bumford’s shadow, 328 
variable sector, Abney’s, 331 
Pictet, 309 

Piezoelectric effect, 568 
Pin-hole camera, 470 
Plane surface, caustic 
at, 376 


Plane surface, banstic, by reflexion 
at, 343 

polarked light, 606 
of polarization, 603 
Plasmolysis, 106 
Plateau’s spherule, 121 
Platinum resistance thermometer, 
769 

Polarimeter, 608 
Polarization by reflexion, 504 
of cells, 703 
of light, 502 et eeq. 

Pole of a curved mirror, 352 
Poles, magnetic, 663, 682 
Positive ions, 784, 868 
Post Office box, 747 
Potential difference and electro- 
motive force, 741 

— ■ between the two sides of a 
magnetic shell, 716 

— due to a point charge, 601 

— magnetic shell, 714 
electrical, 595 
energy, gravitational, 34 
magnetic, 697 

— due to a shell, 714 
Potentiometer, 762 

Bayleigh’s, 765 
Poimdal, 27 
Power, 34 
of a lens, 392 

magnifying, 452, 454 et aeq. 

■ units of, 34 

Practical units capacity, 772 
of current, 740 
of potential difference, 741 
power, 34 
resistance, 742 

Pressure at a point in a liquid, 67 
atmospheric, 79 
effect on boiling-points, 234 
^ melting-point, 219 
gauge, McLeod, 94 
inside a bubble, 109 ' 
osmotic, 103 

Prevost’s theory of exchanges, 306 
Primary cells, 704 
spectrum, 421 

Principal foci of a lens, 386-7 
focus of a curved surface, 354 
Principle of superposition, 488 
Prism, achromatic, 424 
adjustment of, Schuster’s method, 
412 - 

erecting, 460 ‘ 

measurement of angle of, 377, 414 
refractive index of material of, 379 
small, 379 


Prismatic colours, 408 
Production of pure spectra, 410 
by refraction Proof plane, 691 
spirit, 77 
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Propagation of light, on corpuscular 
theory, 480 
on wave theory, 481 
rectilinear, ^23 
Psychrometer, 246 
Pul&ioh, 373 
Pulleys, 63 eJ 
Pumps, air, 88 6S seg-. 
petrol, 86 

Pupil of the eye, 439 
Pure spectrum, 410, 493 


Quadrant electrometer, 643 
Quality of sounds, 631 
Quantity of electricity, 680, 740 
Quincke, 638, 633 


Badiation mesysuring instruments, 
298, 815 

of thermal energy, 297 
Badiomicrometer, Boys’, 815 
Badius of curvature of a lens surface, 
397, 403 

mirror surface, 397 
Bain, 249 
BainlDows, 436 
Bamsay and Young, 229 
Bamsden circle, 468 
Bange finder, 466 

Batio of the specifilc heats of a gas, 
198, 261, 560 
Bayleigh, 442, 765 
Becalescence temperature in iron, 868 
Bectilinear propagation of light, 323 
Beduction factor of a galvanometer, 
723 

Beflecting galvanometer, 736 
magnetometer, 672 
telescope, 462^3 

Befiexion in a plane mirror, 342, 482 

— shift due to thickness, 367 

in spherical mirrors, 362 et sej., 484 
of sound, 633 
laws of, 342 
polarization by, 604 
total internal reflexion, 369 
Befracting telescopes, 466 et seq. 
Befraction at a single concave sur- 
face, 384, 486 
•— convex surface, 386 

plane surface, 362 et seq., 486 
double, 606 
laws of, 362 

through a lens, 386, 486 

— plate, 363 

— prism, 376 

— several media, 364 
Befractive index, 362 

by apparent depth, 366-6 
by polarizing angle, 604 


Befractive index by total internal 
reflexion, 370-2, 378 
of material of a lens, 403 

— prism, 378-9, 414 

on Newton’s corpuscular theory, 
481 

on Huyghens’ wave theory, 486 
Befractometer, 373 
Begnault’s experiments on expansion 
of gases, 174 

— expansion of mercury, 164 

— saturated vapours, 227-8 

— specific heats of gases at con- 
stant pressure, 199 

— velocity of sound, 623 
, hygrometer, 243, 248 
Bemanence, 857 
Beaidual charge, 618 
Besistanc© box, 744 

by substitution, 746 
electrical, 742 

of a battery, Mance’s method, 756 
of a galvanometer, Kelvin’s 
method, 766 
of an electrolyte, 781 
scale of temperature, 771 
shunt method, 763 
Besistances in series and in parallel, 
744 

Besistivity, 767 
Besolving power, 467 
Besonance, 665 ^ seq. ^ 

tubes, 663 
Besonators, 572 
Betentivity, 867 
Betina, 439 

Bight-hand rule, Fleming’s, 821 
Bigidity, modulus of, 132 
Bise of liquid in a oapillaiy tube, 113 
Bods, longitudinal vibrations of, 661 
transverse vibrations of, 549 
Bomer, 474 
Bowland, 266, 702 
Rubens’ tube, 669 

Bumford’s experiments on the nature 
of heat, 251 

shadow photometer, 328 
Rutherford, 873 


Saturated vapours, 225 et seq* 
Saturation vapour pressure, 226 ei 
seq* 

Savart’s wheel, 631 
Scalars, 19 
Schuster, 412, 726 
Screws, 8, 66 

Secondary axes of a lens, 390 
cells, 794 
spectrum, 422 

Second prmoipal focus of a lens, 387 
Sector photometer, Abney’s, 331 


898 


INDEX 


Secular variation, magnetic, 694 
Seebeck effect, 808 
Self-inductance, 839 
Semi-permeable membrane, 103 
Sensitive jets and flames, 632 
Sensitivity of a balance, 51~2 
Series-wound electrical maohmes, 834 
Sextant, Hadley’s, 348 
Shadow photometer, 328 
Shadows, 323 

S.H.M.*s, composition of, 612 et seq. 
Second, mean, 6 
Shear stress and strain, 130 
Shelford BidweU, 861 
Shells, ma^etio, 713 
Short sight, 444 
Shunts, 751 
universal, 762 

Shunt-wound electrical machines, 834 
Sidereal day, 6 

Signs, convention of, in optical 
problems, 362 
Simple cell, 702 
harmonic motion, 36, 611 
pendulum, 37 . 

Singing flames, 661 
Siphon, 86 
Siren, 663 

Snell’s law of refraction, 362, 486 
Snow, 249 

Soap bubble, excess pressuie inside, 
109 

Soddy, 873 
Sodium flame, 416 
Solar spectrum, 407, 417 
Solenoid, magnetic field inside, 720 
Solid, specific heat of, 188, 2X0 
Solids, expansion of, thermal, 140 et 

Solution pressure, 786 
Sonometer, 643 
Sound, nature of, 630 
propagation of, 623 et seq, 
ranging, 628 
reproduction of, 675 
velocity of, 623 et seq.f 660 
South-seeking pole, 653 
Spark discharge, 864 
Specific heat, 188, 191 

— of liquids, 188, 195 

— of solids, 188, 208-210 
heats of a gas, 198-201, 266 

— difference Isetween, 198, 264 

— ratio of, 261 

— steam, 201 
inductive capacity, 610 
resistance (resistivity), 767 
volume, 169 

Spectrometer, 410 

Spectriam, production of a pure, 410 
Spherical aberration, 368 ‘ 

mirrors, reflexion in, 362 et seq. 


Spherical surface, refraction at, 
,384-6 

Spherometer, 11 
Sprengel pump, 90 
Stable eqxnlibrium, 49. 

Standard atmosphere, 110 
candle, 326 
cell, 708 

gas thermometers, 180 ei seg. 
source of light, 324 
Static friction, 60 

Stationary vibrations, 636, 561 ^ 

Steam calorimeters, 210-12 
latent heat of, 203, et seq, 
specific heat of, superheated, 201 
Stefan’s law of radiation, 310, 314 
Steelyards, 68 

Stem exposure, correction for, 171 
Stokes’ law, 126 

— method for detecting fluores- 
cence, 434 
Stone, 524 

Strain, compressive and tensile, 129- 
130 

energy, 136 

Strength of a magnetic shell, 713 
Stress, 129 

at suiface of conductor, 631 
Stretched string, freqxxency of vibra- 
tion, 44, 643 
Stroboscope, 563 
Sub-standard lamp, 326 
Suction pump, 84 
Sunvalve, 276 
Supercooling, 218 
Supersonics, 667 
Surface emissivity, 319, 807 
energy, 107 
films on water, 122 
tension, 107 et seq. 

Susceptibility, 696 
electric, 623 
magnetic, 696, 853 
Suspended coil galvanometer, 736 
magnet galvanometer, 738 


Tangent galvanometer, 722 
magnetometer, 671 
Telegraphy, 712 
Telemeter, 466 
Telephone, 848 
Telescope, astronomical, 466 
Galileo’s, 460 
magnifying power of, 461 
reflecting, 462 
terrestrial, 468 
Temperament, musical, 574 
Temperature, absolute, 178 
definition of, 139 et seq, 
of recalescence, 868 
scales, 140 
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Tempered scales, 674 
Tensile stress, 129 
Tension, surfewje, 107 seg. 
Terrestrial telescope, 468 
Theories of electrolysis, 784 
heat, 261-2 
light, 480 et seq. 

Theory of exchanges, 306 
fits, Newton’s, 322, 480 
magnetization, 869 
Thermal capacity, 188 
conductivity, 276 etfieg*. 

— of a bar, Forbes’ method, 279 

— of copper, Searle’s method, 277 
• — of gases, 292 

— of ebonite, Lees* method, 286 

— of glass, 287 

— of liquid, 290 

— of mercury, 282 

— of solids, badly conducting, 
Callendar’s method, 284 

effects of a current, 800 
Thermionic current, 879 
Thermoelectric curve, 813 
inversion, 814 

Thermometer, calibration of a mer- 
cmy, 142 
clinical, 146 

corrections to a mercury, 143 
gas, 180 et seq, 

maximum and minimum, 146 
platinum resistance, 771 
weight, 169 
Thermopile, 299 
Thermostat, 173 
Thin films, colours in, 497 
lens, refraction through, 386 

— refractive index of material of, 
403 

lenses, in contact, 390 
Thomson effect, 810 
Timbre, 631 

Time, measurement of, 16 
Toepler pump, 88 
Torricellian vacuum, 79 
Torsion balance, 581 
Total eclipse, 324 
internal reflexion, 369 


Tourmaline, 602 


Tracing rays, 346, 366, 389, 451 et seq. 


Tracks, banking of, 36 
Transformer, 841 

Transmission of electrical energy, 
I 843 

I Transmitter, microphone, 860 
Transverse vibrations of rods, 649 
— strings, '643' 

M waVe-motion, 618 
■ », Tubes of force, 686, 627 ' , 

\M' Tuning forks, 649 
I M ''i electrically maintained, 660 
Tungsten filaments, 870, 879 , , 


Turbulent motion, 632 
Types of barometer, 79 
cell, 702-8 

hydrometer, 73 et eeq, 
lens, 386 

IT-tubes, density by, Hare’s method, 82 
Ultra-violet radiations, 427, 431. 

in therapeutics, 448 
Umbra, 324 

Unit charge of electricity, 683 
current, 716, 740 
electromotive force, 741 
of energy, 34 
offeree, 27 
of length, 3 
of power, 34 
of work, 34 
magnetic pole, 660 
mass, 4 
resistance, 742 
Unstable equilibrium, 49 


Vacua, 88 et aeg. 

Vapour density, 237 
pressure, 226 et seq. 

Bamsay’s method of determining, 
229 


Begnault’s method of determin- 
ing, 226-8 

Variation of boiling-point with pres- 
sure, 234 

freezing-point with pressure, 219 
Variations, magnetic, 690 et eeq. 
Vectors, 19 
Velocity, 21 
of light, 474 

of sound, 623 et seq., 660 
of transverse waves, 642 
ratio, 67 
-time curve, 21 

Verification of Joule’s law, 802 
Ohm’s law, for conductors, metal- 
Hc, 743 

— electrolytes, 782 
Vernier, 6 
circular, 13 

Vertical component of earth’s mag- 
netic field, 683, 831 
Vibration magnetometer, Searle’s, 678 
Vibrations, forced and free, 666 
of columns of gas, 661 et seq, 
of rods, 649 
of strings, 543 


stationaiy, 662 
Virtual current, 806 
image, 355, 389 
Viscosity, 122 et eeq. 

Vision, defects of, 443 
least distance of distinct, 443, 461 
persistence of, 412 
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Volt, th©, 74:1 
Voltameter, 780 
Voltmeters, 764 

Volume expansion, 161, 168 €t seq. 


Waran, 93, 427 
Water equivalent, 188 

in the atmosphere, 242 et aeq. 
maximum density of, 4, 167 et aeq. 
thermal conductivity of, 290 
Watt, the, 34, 801 
Wattmeter, 806 
Wave equation, 620 
length, 488, 618 
motion, 618 

theory of light, 322, 481 et aeq. 
Waves, 517 

longitudinal, 618, 621 
transverse, 518 
Waltenhofen’s pendulum, 829 
Wehnelt interrupter, 847 
Weighing machine, 57 
Weight, 27 

thermometer, 169 
Welandor, 33 ^ 

Weston cadmium cell, 708 


Wet and dry bulb hygrometer, 246 
et aeq. 

Wetting of surfaces, 121 
Wheatstone bridge, 746, 760 
■TOeel, balance, 165 
White light, recomposition of, 407, 
418 

Wien^s displacement law, 313 
Wimshurst machine, 649 
Work, definition of, 34 

done by a gas, during expansion, 
261 


Xeroderma pigmentosum, 448 
X-rays, 433, 869 


Yard, Imperial standard, 3 

Young, 488 

Young*s modulus, 132 


Zeeman effect, 694 
Zero, absolute, 178 
of potential, 699 





